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INTRODUCTION 
Water is second only to oxygen as the most important nutrient required for life. 
The primar>' component of milk produced by dair>' cattle is water. Water quality is 
especially important in Iowa because of the expansion of the dairy industr>' that is 
ongoing and anticipated to continue. Furthermore, the volume of high quality drinking 
water needed for dairy farms is not available in all areas of Iowa. Producers, nutritionists, 
dairy specialists and veterinarians have concerns about the quality of drinking water for 
dairy cattle and the impact water quality has on performance and health. There is little 
research-based data documenting the relationship between drinking water quality and 
dairv' cattle performance. The study described here investigates the relationship between 
water quality and dairy production through an on-farm epidemiological protocol. This 
study was conducted in northeastern and northwestern Iowa, where the majority of the 
dairy operations in Iowa are located. 
Dairy production is a complex enterprise involving health, management, genetics, 
nutrition and the environment. These factors must be integrated in order to ma.ximizing 
profitability and production. Nutrition is both the largest expense of a dairy enterprise and 
the most intensively managed, and it can have the largest impact on profitability. Water is 
the most important nutrient, but is the component of the diet that can be altered the least. 
Because of the role that drinking water has in a dairy operation, quality issues are often 
investigated. Producers seek advice on the cost benefit of changing drinking water to 
improve the quality. Most producers assume that water quality affects dairy cow 
performance. It is unclear whether subtle and persistent problems that decrease 
production or health of a dairy cow could be related to water quaUty. 
Most water quality studies choose to sample drinking water at the source. The 
most common sources are private wells or regional rural water systems. For this study 
drinking water was sampled where animals actually drank, out of stock tanks, fountains 
or cups. This is a new approach compared to previous studies of water quality. 
The first objective of this study was to document the quality of drinking water 
consumed by lactating dairy cows by determining the concentrations of coliform bacteria, 
nitrate, sulfate, iron and twenty one additional minerals in their drinking water. 
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The second objective of this study is to determine relationships between coliform 
bacteria, nitrate, sulfate and iron concentrations of drinking water and dairy cattle 
production and reproduction. 
The third goal of this study is to collect information about water availabilit>' by 
determining the linear inches of available drinking water space per dairy cow, the 
distance from the milking parlor to the first available drinking water device, the distance 
from the feed bunk to the first available drinking water device and the cleanliness of the 
drinking water devices, and to determine the relationships of these factors to dairy cattle 
production and reproduction. 
The individual farm performance records employed in this study were from the 
Dairy Herd Improvement Association (DHIA) record system. The DHIA is an accurate 
and standardized record system for measuring cattle performance and reproduction, a 
dairj' records system that has been in use since 1906 and is the most widely used 
nationwide. 
Nitrates in Iowa ground water are a concern for water quality because of potential 
pollution from agricultural sources such as fertilizer. Nitrate in drinking water of lactating 
dairy cattle is a concern nationwide yet there is only one report in the literature 
investigating elevated nitrates in drinking water and the effect this has on lactating dairy 
cattle. 
This project was designed to provide specific information about the effects that 
coliform bacteria, nitrate, sulfate, and iron in drinking water of lactating dairy cattle have 
on production and reproduction. This study also attempted to answer the questions about 
the effects that the distance from drinking water devices and the cleanliness of drinking 
water devices have on dairy cattle production and reproduction. 
It appears that elevated levels of nitrate in drinking water have an adverse effect 
on certain production and reproduction parameters in dairy cattle. Coliform bacteria 
levels were extremely elevated in the drinking water of selected dairy farms but appear to 
have limited impact on production or reproduction. Increased distance from the feed bunk 
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to the first available drinking water device and decreased cleanliness of drinking water 
devices can have a negative impact on milk production 
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REVIEW OF LITERATURE 
Importance of Drinking Water to Dairy Cattle 
Drinking water is especially critical for lactating dairy cattle. Milk is composed of 
87% water (Beede, 1992; Beede et al, 1994). The body of a mature cow is comprised of 
beuveen 42 and 75% water (Chase, 1988). Adult dairy cattle consume approximately 4 to 5 
pounds of water for every pound of dry matter intake (Aseltine, 1992). 
Water provides a medium in the body for dispersion or suspension of colloids and 
ions (Woodford et al, 1985). Digestion, absorption, metabolism, milk production, sweat-
secretion. urine and feces production and heat balance in the body are dependent on 
water. The balance of water in the body is affected by total intake minus losses in urine, 
feces, milk, sweat, saliva and vaporization from respiratory tissues. Ambient temperature, 
humidity, wind velocity, precipitation, respiratory rate, physical activity, body size, water 
consumption and dietary factors such as percent moisture (dry matter), also affect the 
balance of water in the body. 
Drinking water is evaluated using five criteria (Beede et al, 1994). These criteria 
are organoleptic factors, physio-chemical factors, substances present in excess, toxic 
compounds and microorganisms. Organoleptic factors are odor and taste. Physiochemical 
factors include pH, total dissolved solids and hardness. Substances present in excess 
include nitrates, sulfates and iron. Toxic substances could include lead, mercury, 
hydrocarbons and organophosphates. Microorganisms of interest in drinking water 
include total coliforms, fecal coliforms, streptococci, enterococci, and algae. 
Additional drinking water supply criteria are important for large scale dairy 
operations (Hoehne et al, 1994). A sufficient quantity and quality of water are needed to 
serve production needs. Lactating cows may consume as much as 40-50 gallons of 
water/day. In addition large amounts of water are needed to clean the milking parlor and 
milk room, plus there are other incidental needs of a functioning dairy farm (Hoehne et 
al, 1994). This brings the total requirements to about 18,250 gallons/cow/year. This is 
about the same amount of water used by one person in a year. Thus, depending on the 
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size of the dairy herd, the water requirements for a dairy herd can be equivalent to 
amount needed for a small rural town. Water requirements to meet human needs usually 
have a higher priority than for agricultural purposes. 
Hoehne and others suggest that groundwater should be the water source of choice 
for dairy farms (Hoehne et al, 1994). Surface water supplies can provide an alternative 
source, but treatment is often required because of the increased risk of contamination 
from organic or inorganic constituents. 
Regional rural water supply districts can supply water to dairy fanns but these 
have disadvantages because of cost and the possibiUty of decreased supplies during 
shortages. A one-day's supply of water should be available for emergency situations such 
as supply interruption and for emergency use such as for fire protection. Tanker trucks or 
surface water can supply this emergency resource. 
Environmental concerns in Iowa have always included water (Detroy, 1985; 
Detroy et al, 1988; Hallberg et al, 1986; Hallberg and Hoyer, 1982; Hallberg et al, 1983; 
Hallberg et al, 1983a; Hallberg et al, 1984b; Hallberg et al, 1987; Hallberg et al, 1989; 
Iowa Administrative Code, 1986; Libra and Hallberg, 1993; Libra et al, 1991; Morris and 
Johnson, 1969). Water quality has been an issue in Iowa at least since 1938 (Iowa State 
Planning Board, 1938). In 1990 a state wide rural water survey was completed in Iowa to 
characterize rural water quality (Hallberg et al, 1990; Hallberg et al, 1992; Libra et al, 
1993). 
Earlier reports would indicate that elevated levels of TDS, sulfate, nitrate, iron 
and zinc in drinking water of dairy cattle can negatively impact drinking water 
consumption (Blosser and Soni, 1957; Campbell et al, 1975; Challis et al, 1987; Coup 
and Campbell, 1964; Crowley et al, 1974; Digesti and Weeth, 1976; Frens, 1946; Graf 
and Holdaway, 1952; Heller, 1933; Jaster et al, 1978; Smith, 1980; Solomon et al, 1995; 
Wang and Beede, 1992; Weeth and Capps, 1972; Weeth and Haverland, 1961; Weeth and 
Hunter, 1971; Wegner and Schuh, 1974). In addition, several reports investigated the 
effect of water temperature on the drinking water consumption of dairy cattle 
(Andersson, 1985; Baker et al, 1988; Cunningham et al, 1964; Lanham et al, 1986; 
Milam et al, 1986; Purwanto et al, 1996; Stermer et al, 1986; Stockdale and King, 1983; 
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Wilks et al, 1990). The behavior of lactating dairy cattle housed in tie stalls compared to 
loose housing was investigated (Empel et al, 1994). 
Factors AfTecting Water Consumption by Dairy Cattle 
Many factors can affect water consumption by lactating dairy cattle (Murphy et 
al, 1983). The most important are dry matter intake, composition of the diet, milk 
production, temperature and humidity. The Murphy study attempted to develop 
guidelines to predict water consimiption. Murphy used 19 adult Holstein cows divided 
into 4 groups for the first 16 weeks of lactation. Each group was provided a different diet. 
Diet 1 was a basal diet, diet 2 was a basal diet with 1.2% NaHC03, diet 3 was a basal 
diet with 1.42% CaC03 and diet 4 was a basal diet with both 1.2% CaC03 and 1.2% 
NaHC03. A regression equation was developed that used the most important variables to 
predict water intake. Murphy's water prediction equation is as follows: 
Water intake (kg/dy)= 15.99 1.58 X dry matter intake (DMI) (kg/dy) -t- .90 X 
milk production (kg/dy) -r .05 X sodium intake (g/dy) + 1.2 X minimum temperature (°C) 
The coefficient of multiple determination for the above equation is 0.59. This 
prediction equation reveals that for each 1 kg change in milk yield the intake of drinking 
water changes .9 kg. A 1 kg change in dry matter intake changes drinking water intake 
1.58 kg. A 1 gram change in sodium results in a .05 kg change in water intake. Increasing 
the ambient temperature 1°C results in an increased water intake of 1.2 kg. The largest 
variable in the prediction equation is the dry matter intake. Milk yield is usually the 
variable with the largest range so that milk yield rather than DMI usually has the largest 
effect on the amount of water intake. 
An additional formula has been developed to predict water intake of lactating 
dairy cattle (Roberts, 1997). 
Water intake (gal/dy)={0.9 X milk yield (lbs./hd/dy) + 1.58 X DMI + 0.11 X Na 
(gm) + 2.64 X (temp (°F)/1.8-17.778) + 35.25} /8 
Where, 
DMI= average dry matter intake as a percentage of body weight 
Na = sodium intake (grams) per animal per day 
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Temp = low temperature of the day in degrees Fahrenheit 
Water requirements of dairy cattle are met by the amount of water ingested, the 
amount contained in the feed and the water resulting from metabolic oxidation of body 
tissues. Metabolic intake can provide for up to 15% of total water intake (Beede et al, 
1994). The largest variable in this prediction equation is associated with dry matter 
intake. 
Without using variables such as milk yield, DMI, sodium intake and ambient 
temperature when calculating water intakes, measuring water consumption alone can be 
confusing (Roberts, 1997). A field investigation by Roberts used water meters to obtain 
drinking water consumption values and found a drinking water range from 11 to 31 
gallons per cow/dy with an average being 21 gallons. Commonly quoted drinking water 
amounts for lactating dairy cattle are 20 to 30 gallons. When these water consumption 
numbers collected on the dairy famis were adjusted for milk yield, DMI, Na intake and 
ambient temperature, water consumption for the cattle on the dairy farms become closer 
to published normal values. 
Drinking water pH can have an effect on the amount of drinking water consumed 
by dairy cattle. It is recommended that the pH of drinking water for lactating dairy cattle 
be in the range of 6 to 9 (National Academy of Sciences, 1974). A pH outside this range 
can decrease water consumption because the water is too alkaline or acidic. 
The Midwest Plan Service has several recommendations for providing drinking 
water for dairy cattle (Graves et al, 1997). Recommendations are: 
1. Provide one waterer position or 2 feet of accessible trough perimeter for every 
15-20 cows. This will provide 1.2 to 1.6 of linear inches of available drinking water space 
per cow. 
2. Provide at least 2 watering locations for each cow group. 
3. Provide a minimum of 3-5 gallons/min water supply delivery to each water 
location. 
4. The minimum diameter for water supply pipes is one inch. 
5. Locate water positions every 60-80 feet along the bam that houses cattle. 
6. Provide a minimum of 3 inch water depth in drinking water devices. 
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7. Pro\ide a minimiim of 0.65 sq. ft (94 sq. in.) of surface area/cow with single 
or double position water devices. A single position water device has space for only one 
cow to drink water at a time. A double position water device has two separate areas for 
two different cattle to drink at the same time. 
8. Provide a minimum of 50 gallons of water capacity at water troughs. 
Little conducted a study to determine the effect of reduced water intake by 
lactating dairy cattle on behavioral changes, milk 3deld and blood composition (Little et 
al. 1980). A herd of 39 lactating British Friesian cows was divided into 2 groups. After 
14 days of providing ad libitum drinking water to both groups one group was restricted to 
only 50% of the total drinking water intake of the control group. The study was 
conducted for 4 days and then terminated. Milk production in the restricted group was 
74% of the control group. The mean body weights of the restricted group had decreased 
by 14%. Behavioral changes that were observed in the restricted group were 1) spending 
more time around the water troughs, 2) very aggressive behavior around the water trough, 
3) spending less time lying down and 4) some animals were observed to not drink at all. 
A second experiment involved restricting one group of lactating cows to 90% of their 
voluntary drinking water intake. In this experiment the same behavioral changes were 
observed but not to the extent of the original experiment. These results would suggest 
that any continuous water deficit among lactating dairy cattle could be readily detected 
prior to a decrease in milk yield. Milk yield is closely correlated to drinking water intake 
as indicated by the Murphy and Roberts's regression equations predicting water 
consumption cited earlier. 
Stockdale and King investigated some of the factors that affect water 
consumption for lactating dairy cows on pasture (Stockdale and King, 1983). Stockdale 
concluded that voluntary water intake increased by 0.053 kg/cow/day for every additional 
kg of dry matter that was consumed. Environmental temperatures, relative humidity, 
wind speed, simshine, evaporation and whether there was rainfall or not affected 
voluntary water intake. The factor having the greatest negative effect on the amount of 
voluntary water intake in grazing lactating cattle was elevated rainfall. 
A trial in Sweden by Anderrson and others examined the behavior of cattle that were 
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provided drinking cups with drinking water flow rates of 0.5, 1.8 and 3.2 gallons/minute 
(Anderrson et al, 1984). As the water flow rate increased up to 3.2 gal/min, time spent 
drinking water decreased. Time spend drinking decreased from 37 to 11 and then 7 
minutes/day as the flow rate increased. The frequency of drinking decreased from 40 to 30 
times'^day as flow rate increased. The total drinking water consumed increased from 20.4 to 
23.3 gallons/day. Drinking water flow rates did not affect milk yield or dry matter 
consumption. Behavior of these lactating dairy cattle was classified as dominant or 
submissive based on video taped behavior of frequent confrontations during drinking 
episodes. Submissive cattle consumed 7% less drinking water, 9% less hay, had lower milk 
fat % and fat corrected milk. Dairy cattle tend to drink in groups after events such as milking 
or feeding. Adequate drinking space should be available per cow in addition to adequate 
water flow rates. This allows all cattle ample time and space to consume drinking water. 
This study illustrates that a restriction in linear inches of available drinking water space per 
cow may impact water consumption by submissive dairy cattle. 
Empel and coworkers investigated the behavior of lactating dairy cattle in loose 
housing and tie stalls (Empel et al, 1994). One of the behaviors observed was the 
frequency of water consumption. Other behaviors observed were time spent lying down, 
defecation frequency, urination frequency, rubbing, scratching, licking themselves, 
licking other cows, sniffing, feed consumption and rumination. Additional behaviors that 
were observed in cattle in loose housing were standing in the passage, walking frequency 
and fighting frequency. The season of year was the factor that had the most effect on 
aggressive cattle behavior. Empel and coworkers found that the frequency of drinking 
water was greater in the sxmiraer and in tie stalls. This investigation concluded that 
aggressive behavior in dominant cattle is increased when drinking water availability is 
limited. 
Rodenburg discussed factors restricting water consimiption such as handling 
practices which limit access, poor location of watering devices, inadequate pump and line 
capacity, and tingle voltage or electrical faults on water bowls (Rodenberg, 1988). In this 
article Rodenburg stated that the presence of any coliform bacteria in water is considered 
a cause of scours in young calves. Older cattle can tolerate 50 coliform MOO ml but levels 
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greater than this may cause chronic or intermittent diarrhea and off feed problems. 
Rodenburg also maintained that lactating dairy cattle could tolerate 120 ppm iron in the 
drinking water before a toxic level is reached. Rodenburg cited an unpublished study in 
western Canada investigating relationships between water quality and health and 
productivity of dairy cattle that found no significant relationships existed. 
Drinking Water Temperature 
There have been many investigations of the effect that drinking water temperature 
has on rumen digestion and performance of lactating dairy cattle. The thermal neutral 
zone for lactating dairy cattle is 13 to 18 °C (55-64 °F). In a climate with a high ambient 
temperature, cooling drinking water for lactating dairy cattle has been proposed (Baker et 
al, 1988; Lanham et al, 1986; Milam et al, 1986; Purwanto et al, 1996; Stermer et al, 
1986; Wilks et al, 1990) For high producing dairy cattle in a cold environment wanning 
the drinking water can be important (Anderrson et al, 1984; Cuimingham et al, 1964). 
Cunningham and coworkers investigated the effect of drinking water at 1.1, 13, 
26 and 39 °C and the effect of water temperature on rumenal digestion (Cuimingham et 
al, 1964). The smdy was conducted as 2 trials. The average ambient temperature of trial 1 
was 11.6 °C while the average ambient temperature of trial 2 was 3 °C. During this 
relatively cool to cold season there was significantly less water consumed at an 
environmental temperature of 1.1 °C than at 39 °C. The average daily water consumption 
was 47 kg at 1.1 "C, 49 kg at 13 °C, 50 kg at 26 °C and 54 kg at 39 °C environmental 
temperature. There was no detectable effect upon rumenal digestion when cows ingested 
either extremely cold or warm water. This study concludes that lactating dairy cattle 
prefer warm drinking water when the ambient temperature is low. 
An investigation of the effect that drinking water at 3°, 10°, 17° and 24 °C had on 
water intake in high producing dairy cattle in a cold climate was completed (Andersson, 
1985). A cross over experimental design was used with 8 Swedish Red and White cows. 
The diet was the same for all cattle with the only variable being drinking water 
temperature. The average ambient temperature during this trial was 15.3 °C (59.5 °F). The 
cows drank significantly less of the warmest water but produced the second highest milk 
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\ield. Drinking water temperatures had no effect on percent fat production, percent 
protein production or dry matter intake. The differences in milk yield were explained on 
an energy- basis. Feed energy had to be used warming the coldest drinking water up to 
body temperatures rather than using this energy to produce milk. This study reaches the 
opposite conclusion of the Cunningham study, which is that lactating dairy cattle do not 
prefer warm drinking water when the ambient temperature is cool. Milk production was 
enhanced when warm drinking water was provided to lactating dairy cattle in a cold 
ambient temperature. 
A report by Lanham investigated the effects of drinking water temperature on the 
physiological responses of lactating Holstein cows in summer (Lanham et al, 1986). 
Lactating Holstein cows experience a decreased feed intake at ambient temperatures of 
25 to 27 °C. Milk yields decline 33% at 35 "C and 50% at 40 °C. Ambient temperatures 
during this investigation varied from 21 to 38 °C. In this study, as in others, cows 
consumed more water as the temperature of the water increased up to a maximum 
drinking water temperature. Cows drank less chilled water but benefited from it because 
of the higher cooling potential of the colder water. Respiration rates decreased after 
drinking cooled water, with the decrease becoming greater as the temperature of the 
drinking water decreased. Rectal temperatures also decreased at a rate proportional to the 
decrease in drinking water temperature. The cooling effect of drinking chilled water on 
respiratory rate and rectal temperature was temporary. It is probably not cost effective to 
chill drinking water of lactating Holsteins as a method to decrease heat stress. The 
following studies, including this study, suggest that lactating dairy cattle in a warm 
ambient temperature do not prefer to drink chilled drinking water. 
Stermer conducted a study investigating the effects of drinking water temperature 
on heat stress of dairy cows (Stermer et al, 1986). Hyperthermia in dairy cattle causes 
decreased feed consumption, reduces milk yields by 10% or more and decreases 
conception rates by 20% or more. This trial was conducted using twenty lactating 
Holstein cows, from May to June when ambient temperatures varied from 22 to 33 °C. 
Water was temporarily withheld from these cows so when they had access to drinking 
water they would drink substantial amounts. A secondary objective of this trial was to 
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determine whether cows could be induced to enter the milking parlor by providing chilled 
drinking water. One of the conclusions reached from this study was that chilled water 
could reduce heat stress in lactating dairy cows but the effect only lasted 2.2 hours. There 
was a reduction in heat stress, but no significant difference in milk production. Offering 
chilled drinking water in the milking parlor did not entice cattle to enter the parlor. 
An additional report by Milam looked at the effects of drinking water 
temperatures on production responses in lactating Holstein cows in summer (Milam et al, 
1986). Drinking water temperatures were 10 or 28 "C. Respiration rates, rectal 
temperatures and tympanic membrane temperatures were recorded before and after 
watering. There were no differences recorded in respiration rates or rectal temperatures 
between the 2 drinking water treatments offered. In this study as in others, cattle drank 
less of the chilled water as compared to ambient temperature water. Tympanic membrane 
temperatures were lower in the group drinking the 10°C water but reductions were 
transient. Milk yield and dry matter intake were increased in the group of cows drinking 
10°C water when the ambient temperature was elevated above the thermal neutral zone of 
13 to 18 X. 
Texas researchers explored the effects that chilled drinking water had on lactating 
Holstein cows in summer (Baker et al, 1988). In this experiment drinking water was 
offered at 10 and 30 °C ad libitum. Respiratory rates, rectal temperatures, nmien motility 
and milk yields were unaffected by drinking 10°C water when ambient temperatures were 
above the thermal neutral zone of dairy cattle. The cattle offered the 10°C water 
compared to the control group drinking 30°C water consumed less drinking water. Dry 
matter intake was increased in the group drinking 10°C water. This study failed to 
demonstrate an economic advantage by providing chilled drinking water to lactating 
Holsteins cattle in ambient temperatures above the thermal neutral zone. 
Wilks investigated the effects of chilled drinking water on lactating Holstein cows 
in a high environmental temperature (Wilks et al, 1990). Parameters measured in this 
study were feed intake, water intake, respiration rate, rectal temperature, plasma thyroid 
hormone concentration, and milk yield. Water temperatures used were 10.6 and 27.0 °C. 
In contrast to previous studies, cows in this study tended to drink more of the chilled 
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water than they did the control water at ambient temperatures of 30 °C. Cows drinking 
chilled water ate more feed than controls, had higher plasma T3 concentrations, plasma 
Cortisol, milk progesterone and produced more milk. A second portion of this experiment 
investigated the preference of lactating dairy cows for chilled or ambient temperature 
drinking water when offered a choice. When offered a choice, from 97-99% of the time 
the cattle would choose water that was ambient temperature. The conclusion from the 
first portion of this experiment was that allowing lactating dairy cows to drink chilled 
water during periods of elevated environmental temperature would decrease heat stress, 
but the conclusion from the second portion of the experiment revealed that cattle prefer to 
drink ambient temperature water. 
A study by Purwanto investigated the effects of drinking water temperatures on 
heat balance and the thermoregulatory responses of cattle (Purwanto et al, 1996). 
Purwanto measured body heat production, heart rate, respiration rate, rectal temperature 
and skin surface temperature. Environmental temperatures were 24, 29 and 34°C, while 
the water temperatures were 10, 20 and 30®C. This study concluded that drinking chilled 
water reduces heat stress in cattle. This study suggested that the most economical method 
of reducing heat stress in lactating dairy cattle would be by using chilled deep well water 
offered in restricted amounts during feeding periods. 
Almost all of the studies would indicate that lactating dairy cattle prefer ambient 
temperature drinking water to chilled drinking water when the ambient temperature is 
above the thermoneutral zone. When cows are forced to drink chilled water, their body 
temperature may be lowered temporarily. The benefits of reducing the body temperature 
are too short-lived to be cost effective. The two studies investigating providing warm 
drinking water to dairy cattle in a cold environment reached different conclusions. The 
Cunningham study concluded that dairy cattle prefer warmed drinking water when in a 
cool envirorunent while the Andersson study reached the opposite conclusion. 
Coliform Bacteria in Drinidng Water 
There is very little published information investigating effects of coliform bacteria 
in drinking water of dairy cattle. There are several researchers that have investigated the 
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presence of pathogenic bacteria including coliform bacteria in dairy cattle drinking water. 
Reid suggests that chlorinating the water supply on a dairy farm will improve intake 
because it reduces the amount of bacteria present in pipes, fountains, water bowls and 
large tanks (Reid, 1991). Many dairy experts have this opinion, but it is not based on 
research data. 
From a public health perceptive, Diesch expressed concerns about disease 
transmission of water borne organisms of animal origin (Diesch, 1970). Bacterial 
organisms of concern included Salmonella, Leptospira, and coliforms. Viral organisms 
present in the feces of animals that are potentially zoonotic include picomaviruses, 
reoviruses, herpesviruses, adenoviruses and myxoviruses. Parasitic organisms such as 
balantidium, toxoplasma, ascarides and taenia can all be transmitted in water. The 
conclusion that Diesch reached was that the potential for zoonotic disease transmission in 
drinking water might be increasingly significant in the future because of the consolidation 
of animal agriculture. 
Faith investigated the prevalence and clonal nature of Escherichia coli 0157:H7 
on dairy fanns in Wisconsin (Faith et al, 1996). This study attempted to determine the 
prevalence and identify the sources of serotype 0157:H7 isolates of E.coli in Wisconsin 
dairy herds. Three hundred and two environmental, feed, water and nonfecal animal 
samples were examined for E.coli. One hundred and one drinking water samples were 
tested for the presence oi E.coli 0157:H7. Three of the 101 drinking water samples tested 
positive for E.coli 0157:H7. The results of this study indicate that E.coli 0157:H7 may be 
maintained and disseminated by contaminated animal drinking water. 
A review paper by Pell suggested a link between protozoa, bacteria and selected 
enteric viruses and manure production on farms (Pell, 1997). Protozoan pathogens such 
as Cryptosporidium parvum and Giardia sp. can be present in animal manure. Bacterial 
pathogens such as E.coli 0157:H7 and Salmonella sp. can also be cultured from animal 
manure. Environmental controls need to be in place on farms to prevent or reduce the risk 
of drinking water contamination with these pathogens. 
Jackson isolated E.coli 0157:H7 from farm well water after a 16-month-old child 
living on the farm was diagnosed with enteritis and E.coli 0157:H7 was isolated from the 
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child (Jackson et al, 1998). Initial water tests were negative for E.coli by standard tests. 
No isolates on the differential media plate were identified as E.coli, although there were 
colonies on the differential media plate for coliforms. Culture of selected coliform 
colonies on sorbitol-MacConkeys agar led to isolation of E.coli 0157:H7 from the farm 
well water. E.coli 0157:H7 was subsequently isolated from 25 of 45 calves and 34 of 50 
adult cattle on this farm. Characterization of the E.coli 0157:H7 isolates from the sick 
child, the well water and from 8 cattle indicated they were very closely related. The farm 
well head was found to be defective. The well head was located below the surface grade 
and this allowed manure contaminated surface water to flow into the well. The lack of 
repons of isolation of E.coli 0157:H7 from farm wells may be because the standard 
methods used by many health departments do not detect E.coli 0157:H7. The well was 
treated but even after treatment subsequent samples revealed the presence of E.coli 
0157:H7. 
Researchers investigating whether drinking water intake in cattle was increased 
when endophyte infected fescue was consumed during the summer months also 
peripherally looked at drinking water quality (Crawford et al, 1997). Sixty four steers 
were divided into groups of 4 and placed on 8 endophyte free and 8 endophyte infected 
fescue pastures. The two sources of drinking water used in this study were 1) clean water 
from a well located at the Southwest Research Center and 2) dirty water that was hauled 
from a nearby pond that cattle were allowed to walk in and defecate in. This study was 
conducted from June to October of 1995 and May through September of 1996. In the 
1995 study cattle were either given clean water or dirty water to drink with no choices. In 
1996 cattle were provided with both sources of drinking water within the pasture. When 
cattle were given a choice of sources of drinking water there was no clear preference. 
During the 13 week period of the study in 1996 there was an average of 4.96 gallons of 
pond water and 5.21 gallons of well water consumed each day. Coliform counts in the 
pond water reached 14,710 colony forming imits/ 100 ml during October but this level 
did not appear to cause any health problems in the cattle that were drinking the water. 
Other drinking water quality parameters measured that were within normal limits in the 
pond and well water were nitrate, total dissolved solids, sulfate, pH, iron, sodium. 
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calcium, magnesium, chloride, copper and zinc. This study concluded that drinking water 
sources that contain elevated levels of coliform bacteria have no effect on water intake. 
To summarize the literature concerning coliform bacteria in drinking water of 
dairy cattle, there are no studies investigating any corrleations between elevated drinking 
water coliform and the effect on production of dairy cattle. Most studies have focused on 
identifying bacterial pathogens found in drinking water. 
Nitrate 
Nitrate contamination of drinking water in Iowa is an enduring concem (Fraser 
and Chilvers, 1980; Hallberg, 1987; Hallberg et al, 1991; Hallberg et al, 1984; Johnson 
and Kross, 1990; Johnson et al, 1946). Excessive nitrates have gained access to the 
ground water in many areas in Iowa and compromised the quality of drinking water. 
Nitrate contamination of drinking water of lactating dairy cattle is a concem nationwide 
((NAS) National Academy of Sciences, 1972; (NAS) National Academy of Sciences, 
1974; (NAS) National Academy of Sciences, 1977; Howard, 1999; Osweiler, 1996; Buck 
et al, 1976). Nitrates in water are associated with fertilizers, animal wastes, fecal material 
and decaying vegetable material (Hallberg, 1989; Wang et al, 1999). In 1990 a statewide 
Iowa rural water survey (SWRL) was completed to characterize rural water quality 
(Hallberg et al, 1990; Hallberg et al, 1992; Libra et al, 1993). Nitrate concentrations in 
Iowa well water in the SWRL study ranged from <0.44 to 440 ppm. In a study of 
drinking water quality on 173 Iowa swine farms, Ensley (1998) reported drinking water 
nitrate ranging from 9 to 720 ppm. In both the SWRL study and the Ensley (1998) study 
less than 10% of the samples contained nitrate concentrations greater than 100 ppm. 
There are limited reports addressing the relationship between elevated nitrate in drinking 
water and effects on dairy cattle. 
Crowley and coworkers conducted a 35 month study in Wisconsin comparing 
reproductive efficiency and lactational performance for a 54 cow Holstein herd that 
consumed drinking water containing either 19 or 374 ppm nitrate (Crowley et al, 1974). 
The dairy cattle in this herd were housed in a stanchion bam with the two groups divided 
evenly based on age, lactation number, body weight and previous production level. Bred 
17 
heifers replaced cows that left the herd during this study. A total of 86 cattle were 
involved with this study with 23 cows remaining in the herd for the entire 35-month 
period. Drinking water was provided in cups connected to one of two water systems. 
Cows on one side of the bam were receiving added nitrate while cattle on the opposite 
site received only well water. Nitrate was added to the well water by metering a 
concentrated solution of potassium nitrate by a constant ratio pump. The standardized 
DHIA testing program was the source for production records. Reproductive parameters 
measured were normal calvings, abortions, retained placentas, cystic ovaries, number of 
services, conceptions, services/conception and percentage first service conception rate. 
Production parameters measured were number of dry cows, number of iactating cows, 
days in milk, kilograms of milk per day, percent milk fat and kilograms of milk fat per 
day. There were no effects observed in Iactating Holstein cows consuming drinking water 
with elevated nitrates for the first 20 months of the study. During the last 15 months of 
the study, cattle drinking the elevated nitrate containing water had the highest services 
per conception and lowest first service conception rates. The average milk yield was not 
significantly different between the two groups but the total milk yield for the entire 35 
month study was lower in the elevated water nitrate group. This small difference in milk 
yield in the elevated nitrate containing drinking water was thought to be due to an 
increased dry period due to lower conception rates. There was no effect observed on 
blood hemoglobin, methemoglobin, serum vitamin A, serum vitamin E or liver vitamin A 
concentrations in the 374 ppm nitrate containing drinking water group. There was never 
any indication that the health of the cows in the nitrate group was affected adversely 
other than reproduction. 
Yeruham reported a field study of death loss and abonions in two dairy cattle 
herds exposed to nitrates in feed containing whey. In a herd of 1000 dairy cattle exposed 
to 2200 to 2800 ppm nitrate in feed containing whey, 17 animals died (Yeruham, 1997). 
A second herd of 800 dairy cows fed nitrate contaminated whey at 400 to 800 ppm 
experienced an abortion storm in which 26 cows aborted over a 6 day period. Safe levels 
of nitrate in water for Iactating dairy cattle have been reported to be up to 1320 ppm 
(Carson, 1978). Feed nitrate concentrations in excess of 9000 ppm are commonly 
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associated with death in cattle. Abortions in cattle are associated with nitrate 
concentrations in excess of 6000 ppm. Nitrate toxicosis in cattle from nitrate ingestion 
exhibits the same clinical signs whether the nitrate comes from feed or water. This report 
suggests that nitrate levels of 400 ppm in water can cause abortion in lactating dairy 
cattle. 
In summary, elevated drinking water nitrate has an unfavorable relationship to 
services per conception and lower first service conception rates (Crowley et al,1974) and 
when elevated in the diet may be associated with abortions in lactating dair>' cattle 
(Yeruham, 1997). 
Salinity and Total Dissolved Solids 
Several studies investigated the effect of drinking water with elevated levels of 
total dissolved solids (TDS) on lactation in dairy cattle. Total dissolved solids and salinity 
are almost synonymous. Salinity is more than a measurement of the total amount of 
sodium and chloride present in water. Salinity also includes anions such as carbonates 
expressed as oxides, bromide and iodine expressed as chlorine, and cations such as 
calcium, magnesium, bicarbonate and sulfate but does not include organic matter ((NAS) 
National Academy of Sciences, 1974). The National Research Council has classified 
water containing <5000 ppm of TDS as satisfactory for lactating cows, but concentrations 
of 7000 ppm TDS are not recommended ((NAS) National Academy of Sciences, 1974). 
As a comparison ocean water contains approximately 35,000 ppm TDS. Dairy farms in 
the western and southwestern United States have had to use drinking water that contained 
elevated TDS (> 5000 ppm) because there was no other drinking water available. 
Elevated TDS or salinity has not typically been a problem with drinking water in Iowa. 
Results of the 1990 Iowa state wide rural water survey (SWRL) survey found a range in 
TDS from 7.9 to 4308 ppm with a mean of 704 ppm. 
Beede cited two reports (Heller (1933) and Frens (1946)) where elevated drinking 
water sodium chloride (up to 15,000 ppm) had no effect on cattle with one exception: 
Frens did report a reduction in milk yield at 15,000 ppm sodium chloride (Beede et al, 
1994; Frens, 1946; Heller, 1933). 
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Weeth and Haverland conducted an experiment to define the level of NaCI that 
could be added to drinking water with out affecting performance of beef cattle. Sodium 
chloride was added to drinking w^ater in levels ranging from 0 to 1.75% (17,500 ppm) 
(Weeth and Haverland, 1961). The experiment was divided into a winter and summer 
period. Parameters measured in this study were water consumption, hay consumption, 
weight change, rectal temperature, pulse rate, respiration rate, hematocrit, serum Na, 
serum K, plasma Ca, plasma protein, blood urea nitrogen (BUN) and aspartate 
aminotransferase (AST). Clinical signs of salt poisoning were reported in beef heifer's 
drinking water with 12,500 to 17,500 ppm sodium chloride. These workers concluded 
that growing cattle could tolerate 10,000 ppm NaCl in drinking water during summer or 
winter. 
Wegner and Schuh reported that as drinking water increased towards 2000 ppm 
sodium chloride, young Holstein heifers would drink additional water (Wegner and 
Schuh, 1974). Water consumption was decreased when 2500 ppm sodium chloride was 
added to drinking water. At levels of 3500 ppm sodium chloride in drinking water 
consumption was further decreased by about 50%. As the concentration of sodium 
chloride increased in drinking water, urinary sodium, chloride and calcium increased. 
Potassium was the only blood electrolyte affected by increasing drinking water sodium 
chloride. This report concluded that dairy heifers did not tolerate a level of 3500 ppm 
sodium chloride. 
In Arizona, Jaster and others investigated the effects of salinity in drinking water 
on lactating adult Holstein cows (Jaster et al, 1978). Two sources of water were used in 
this study. One source was untreated water containing 196 ppm TDS, while the second 
source was drinking water containing 2500 ppm dissolved sodium chloride. Six lactating 
cows with an average production of 82 pounds of milk per day were supplied drinking 
water containing 2500 ppm sodium chloride and 6 matched cows were supplied with 
untreated water containing 196 ppm TDS. Feed intake and milk yield was less but water 
intake was 7% greater in the group offered drinking water containing 2500 ppm sodium 
chloride. There was no observed difference in minerals contained in blood or milk but 
there was in urine. The high sodium chloride group had urine and fecal sodium and urine 
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chloride that was elevated above the low sodium group. A depression in milk yield of 1.9 
kg/head per day was observed in the group consuming elevated TDS drinking water. 
Mean daily water consumption was 9.3 liters/head-^day greater in the group drinking the 
saline water. Feed intake and digestibility were unaffected. It was concluded that high 
producing dairy cows on a conventional diet are capable of maintaining normal 
homeostatic conditions even when consuming a moderately saline drinking water. Even 
though homeostasis is not affected, consumption of even moderately elevated sahne 
water in lactating dairy cattle will cause a decrease in milk yield. 
Challis conducted a study in Saudi Arabia with Holstein cattle drinking saline and 
desalinated water (Challis et al, 1987). When saline drinking water containing 
approximately 4400 ppm TDS was desalinated to an average of 441 ppm TDS, milk 
yield, water intake and grain intake increased. Milk yield increased 37%, water intake 
increased 37% and grain intake increased 39% when drinking water was desalinated. 
When the 4400 ppm saline drinking water was reintroduced milk yield decreased 2.4 
pounds/day the first week. Challis was able to demonstrate that high ambient 
temperatures and elevated TDS drinking water would severely reduce milk yield in 
lactating Holstein cattle. 
Solomon investigated the response of high producing dairy cows to saline and 
desalinated drinking water in the Arava Desert (Solomon et al, 1995). The threshold level 
of drinking water salinity on milk production is controversial. This study used 82 Israeli-
Holstein multiparous cows divided into 2 groups. These cows were matched by parity, 
days in milk (DIM) and daily milk production. Saline water contained 14,799 ppm TDS 
while the desalinated water contained 442 ppm TDS. Both groups were fed the same total 
mixed ration (TMR). This study was conducted from May to August when daily mean 
temperatures varied from 26 to 32 °C. Cattle on the desalinated water consumed 11 
liters/day more drinking water and produced 2.1 kg/day more milk than the cows on 
saline water. This study also demonstrated the negative effect of elevated saline drinking 
water and high environmental temperatures on lactating dairy cattle. 
There was a wide variation in the studies cited above for a "no effect level" of 
TDS in lactating dairy cattle. Water ranging from as low as 2500 ppm TDS to as high as 
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10,000 ppm TDS was supplied to lactating dairy cattle before a negative effect was 
observed on milk production. The National Research Council recommends a TDS of less 
than 5000 ppm as being satisfactory for lactating dairy cattle. 
Sulfate 
In addition to TDS, drinking water quality is also defined by how much sulfate is 
present in the water. Sulfate is one of the major ions that comprise TDS. There have been 
several studies designed to investigate elevated drinking water sulfate and effects on 
lactating dair>' cattle. Sulfates may give a characteristic rotten egg smell to water. 
Elevated sulfates are associated with drinking water that is elevated in salinity. 
Exposure to elevated sulfates in drinking water can result in a transient diarrhea 
(Veenhuizen, 1992). Animals usually acclimate to an elevated level of drinking water 
sulfate in 3 to 7 days and no longer exhibit diarrhea (Veenhuizen, 1993). Unfortunately, 
there is no cost effective method to remove sulfate fi"om the drinking water of production 
animals. The 1990 Iowa SWRL study reported a range of sulfate in rural well water to be 
<0.1 to 1938 ppm with a mean of 132 ppm. Ensley reported a range fi-om 99 to 3600 ppm 
of sulfate with a mean of 254 ppm in drinking water from 173 Iowa swine farms (Ensley, 
1998). 
Weeth and Hunter investigated the effects of elevated sulfates in drinking water of 
Hereford heifers (Weeth and Hunter, 1971). The 3 treatments in this study consisted of 
untreated water, 4110 ppm NaCl drinking water and 5000 ppm Na2S04 (3493 ppm SO4) 
drinking water. A level of 7500 ppm Na2S04 was used initially but the heifers would not 
consume this water. As a result of the water refusal the level was reduced to 5000 ppm 
Na2S04. Water consumption was markedly affected by the sulfate in the water but was 
increased by addition of sodium chloride. Methemoglobin was increased 450% in cattle 
consuming drinking water containing sulfates at 3493 ppm. Methemoglobin was not 
increased in cattle consimiing the sodiimi chloride drinking water. It was concluded that 
the sulfate ion was involved in the formation of methemoglobin. Sulfhemoglobin was 
also detected in the blood of heifers consuming the sulfate treated drinking water. The 
presence of methemoglobin or sulfhemoglobin in blood was not able to cause a clinically 
detectable h>poxia. At 3493 ppm sulfate in drinking water, feed and water intakes were 
markedly decreased. Growing cattle appeared to be unaffected by 4110 ppm NaCl in the 
drinking water but 3493 ppm SO4 will cause mild to severe alterations in growth and 
performance. 
Weeth and Capps completed a study comparing drinking water containing 110 
(untreated water), 1462 and 2814 ppm sulfate in Hereford heifers (Weeth and Capps, 
1972). Hay intake and rate of gain were reduced but not water consumption in the two 
groups with elevated sulfate as compared to the control group. Drinking water containing 
2814 ppm sulfate increased methemoglobin concentration and significantly altered renal 
function. In a taste response test 6 out of 8 heifers rejected drinking water at 2000 ppm 
Na2S04. At 3000 ppm Na2S04 all eight heifers rejected the drinking water. In the taste 
response tests there were no details of how long animals were exposed to the drinking 
water with out drinking before the test was concluded. Goatcher reported a rejection 
threshold for sodium chloride in drinking water of cattle of 8200 ppm (Goatcher and 
Church, 1970). Weeth concluded that the highest tolerated level of drinking water sulfate 
for growing cattle in the summer in Nevada was 1450 ppm. 
Digesti and Weeth designed a study to determine the maximum tolerable 
concentrations of inorganic sulfate in drinking water for beef heifers (Digesti and Weeth, 
1976). Three treatments levels of 110, 1250 and 2500 ppm sulfate were used as a source 
of drinking water for this 90 day study. Feed consimiption, water intake and growth rates 
were not affected by the higher levels of sulfate in drinking water. Methemoglobin and 
sulfhemoglobin were both elevated in treatment groups with 1250 and 2500 ppm of 
sulfate in the drinking water. Beef heifers tolerated 2500 ppm sulfate in the drinking 
water without adverse effects. 
Wang and Beede attempted to define the rejection threshold for sulfate and 
chloride (Wang and Beede, 1992). The rejection threshold for sulfate in drinking water 
was determined to be 3317 ppm while the rejection threshold for chloride in drinking 
water was determined to be 5524 ppm. Wang found that high dietary intake of anions, 
sulfates and chloride can interfere with the acid-base balance of cattle. Anions, sulfates 
and chloride were more detrimental to animal health and productivity than elevated 
intakes of sodium. 
These studies determined a tolerable level of sulfate in drinking water of dairy 
cattle to be from 1450 to 2500 ppm sulfate. The rejection threshold for sulfate in drinking 
water was determined to be 3317 ppm. 
Hardness 
Hardness is a measure of the calcium and magnesiimi ions present in the drinking 
water. Water that is elevated in TDS or salinity may or may not be considered hard water. 
Hardness of water may be measured as grains/ gallon or in ppm. One grain per gallon is 
equivalent to 17 mg calcium and magnesium per liter. Water is classified according to 
calcium and magnesiimi salt content as follows: soft water ranges from 0-60 ppm, hard 
water varies from 120-180 ppm and very hard water is greater than 180 ppm. 
Graf and Holdaway investigated the effects of hard water on lactating dairy cattle 
(Graf and Holdaway, 1952). Graf used two groups of 6 lactating dairy cattle each. One 
group consumed drinking water containing 290.4 ppm calcium and magnesium while the 
second group consumed water containing no calcium and magnesium. These cows had 
free choice water available in drinking cups. In this 57-day trial, these workers found no 
difference between the 0 and 290 ppm group on milk yield, body weight changes, water 
intake, feed consumption/cow/day, ratio of water intake to milk yield or ratio of water 
intake to dry matter intake compared with soft water. 
Blosser and Soni investigated the effects of hard water on milk yield in lactating 
dairy cattle (Blosser and Soni, 1957). There were two groups of 14 dairy cattle each that 
drank water containing 116.4 ppm and 8.4 ppm calcium and magnesiiun, respectively. Of 
the 28 cows in this trial there were 16 Holsteins, 8 were Jersey and 4 were Guernsey. One 
Holstein was removed from the trial because of traumatic reticulitis so data were 
available for 27 cows only. Parameters measured in this trial were feed consumed, milk 
produced, fat corrected milk produced, butterfat produced, free water consumed, free 
water consumed/ pound of 4% fat corrected milk produced and average daily weight 
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gain. There were no significant differences between these two groups in milk yield, 4% 
fat corrected milk yield, water intake or water consumed/ pound of milk yield. 
Both of these investigators used drinking water that was considered hard or very 
hard. In these two studies, the degree of hardness of drinking water used by lactating 
dairy cattle does not appear to affect performance. 
Iron in Drinking Water 
Iron is an essential mineral in animals, plants and man. Iron is contained in heme 
and heme is a component of hemoglobin and myoglobin ((NAS) National Academy of 
Sciences, 1980; (NRC) National Research Council, 1988). Cytochrome oxidase, 
cytochrome P-450 enzymes, oxidase, ferrodoxin, myeloperoxidase, catalase and enzymes 
of the electron transport chain also contain iron. Iron is normally found in plants and soil. 
A deficiency of iron is rare in the adult ruminant (Underwood, 1977; Underwood, 1981). 
Iron that is absorbed from the intestinal tract is usually in the ferrous (Fe+") state (Ewan, 
1997; Wollenberg and Rummel, 1987). Iron found in feedstuffs is usually in the ferric 
(Fe+^) state. Ferric iron is reduced to ferrous iron in the acidic environment of the 
stomach. Absorption of iron occurs at the level of the intestinal villi. Iron binding 
receptors are in the brush border of the intestinal villi cell and this is where iron is bound 
and becomes intracellular. Once intracellular, iron can be both bound to transferrin and 
transported to the bloodstream or bound to ferritin and remain intracellular. Iron 
absorption is increased or decreased depending on the amount of ferritin present in the 
intestinal cell. The iron bound to ferritin is excreted in the feces when the enterocyte dies 
and is sloughed into the intestine. 
The iron requirement of young ruminants is 100 ppm in feed ((NRC) National 
Research Council, 1988). Iron deficiencies most commonly occur in milk fed calves 
because cows milk contains only 10 ppm iron. The dietary iron requirement for mature 
cows is 50 ppm. The maximum tolerable level of iron in the diet is 1000 ppm ((NRC) 
National Research Council, 1988). Iron is present in legumes and grasses but is not as 
available as in supplements. Ferrous sulfate and ferric chloride are available sources of 
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iron, ferric carbonate is intermediate and ferric oxide is a poor source of iron 
supplementation (Bremner and Dalgamo, 1973). 
While investigating the iron and copper requirements of dairy calves, Matrone 
determined that 30 or 60 mg of iron daily would prevent anemia in milk fed dairy calves 
(Matrone et al, 1957). If dairy calves were not already in an iron-depleted state, feeding 
of 30 mg of iron/day would allow normal growth. 
Campbell determined that a single oral dose of 0.6 grams of iron as ferrous sulfate 
per kilogram of body weight was toxic to pigs (Campbell, 1961). O'Donovan and others 
was able to demonstrate that 4000 ppm of iron in the diet of pigs decreased the rate of 
gain and slightly decreased serum inorganic phosphoms (O'Donovan et al, 1963). 
O'Donovan found that at 2500 ppm dietary iron, clinical signs of rickets developed in 
feeder pigs. Standish found that a dietary level of 400 ppm iron (ferrous sulfate) in feed 
was able to decrease the average daily feed intake and average daily gain (Standish et al, 
1969). Feeding 1600 ppm ferrous sulfate to steers resulted in reduced plasma copper and 
elevated plasma inorganic phosphorus. Excessive levels of iron in the diet may be able to 
decrease serum copper and elevate phosphorus in dairy cattle. 
An experiment determining the effect of iron and magnesium in the diet on 
manganese metabolism in turkey poults revealed that dietary iron at 440 ppm increases 
the requirement for manganese (Woerpel and Balloun, 1964). This study indicates that 
dietary iron can antagonize manganese in a turkey poult diet. In contrast, McGhee 
determined that a dietary level from 40-1600 ppm iron did not affect the health of 4 week 
old turkey poults (McGhee et al, 1965). The McGhee study suggested that a dietary level 
of up to 1600 ppm iron would not significantly antagonize mineral uptake to the degree 
that the health of turkey poults is affected. On the other hand, Woerpel's study indicates 
that at a dietary level of440 ppm iron, manganese uptake may be reduced. 
The effect of pasture irrigation water in New Zealand containing 17 ppm on 
lactating dairy cattle was investigated (Coup and Campbell, 1964). There were three 
experiments conducted in this study. Experiment 1 consisted of 5 sets of non-milking 
identical twin cows that were split into 2 groups. One group was grazed on pasture that 
was irrigated with high iron water and the second group was grazed on non-irrigated 
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pasture. Forage samples were taken from the irrigated pasture with iron content varying 
from 7400 ppm after the first irrigation to 9980 ppm prior to the third irrigation. Cattle 
grazing the forage that was elevated in iron developed a diarrhea and lost weight during 2 
of the 3 months of the study. The rapid growth of forage in the third month allowed the 
cattle consuming the high iron forage to select forage that was not as elevated in iron and 
as a consequence these cattle were able to gain weight. In the second experiment one 
lactating cow was dosed with 130 grams of iron/ day orally. Because of the drastic 
decrease in milk production the experiment was halted on the fourth day. This cow 
developed a dark colored, watery and odiferous feces within 12 hours of the initial 
dosing. The third experiment consisted of daily oral dosing of lactating dairy cattle with 
15, 30 and 60 grams of iron. Milk and fat yield decreased in a linear amount with 
increasing iron concentration. A significant decrease in bodyweight occurred only at the 
60 gram level of daily iron. Subsequent water testing in this area of New Zealand has 
found ground water containing up to 170 ppm iron. These workers concluded that the 
minimum deleterious dose of oral iron for lactating dairy cattle is 30 grams/day. 
Koong and others examined the effect of elevated dietary levels of iron on the 
performance and blood constiments of calves (Koong et al, 1970). Levels of dietary iron 
from iron citrate used in this study were 100, 500, 1000, 2000, 2500 and 4000 ppm. 
Holstein bull calves were used and were provided feed and water ad libitum. There was 
no significant difference in weight gains between treatments but a trend towards lower 
weight gains was observed for calves fed rations containing 1000 and 2000 ppm iron. 
Blood hemoglobin was significantly higher as dietary iron increased. Standish found that 
calf diets with 1600 ppm iron did not affect hemoglobin values (Standish et al, 1969). 
Koong found that a dietary iron level of 500 ppm or higher significantly depressed serum 
phosphorus in calves. O'Donovan reported that early weaned pigs fed 4000 and 5000 
ppm iron had significantly depressed serum phosphorus (O'Donovan et al, 1963). While 
on the other hand, Standish reported the opposite finding that a diet of 1600 ppm iron in 
steer calves increased serum phosphorus. In the Koong study, daily gains and feed 
consumption were significantly lower when calves were fed rations with 2500 to 4000 
ppm iron versus 1000 ppm iron. Feed per pound of gain was also higher in the groups of 
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calves consuming elevated dietar>' iron. Koong found the greatest difference in daily 
gains, feed consumption and feed efficiency was for calf diets containing between 2000 
and 2500 ppm of iron. Koong also found that hemoglobin and serum iron increased and 
serum phosphorus decreased as dietary iron increased. Serum calcium, magnesium, 
copper, zinc and alkaline phosphatase do not appear to be affected by increasing dietary 
iron. It appears that the maximum dietary iron level that a steer calf can tolerate without 
adverse effects is 2000 ppm. 
Bremner and others conducted several studies to determine the minimum amount 
of dietary iron supplementation necessary for milk fed calves to prevent development of 
anemia (Bremner and Dalgamo, 1973a; Bremner and Dalgamo, 1973b). A dietary level 
of 40 ppm iron is necessary to prevent development of anemia in milk fed calves. Ferric 
sulfate, ferric citrate and ferric-ethylenediaminetetraacetate are all good sources of 
supplemental dietary iron but iron phytate is not. 
Campbell and others explored iron induced hypocuprosis in yearling dairy cattle 
(Campbell et al, 1975). This study was prompted by a clinical case involving 
hypocuprosis in dairy cattle grazing a pasttire that was irrigated with water containing 17 
ppm iron. The highest concentration of iron in water recorded from this local area in New 
Zealand was 370 ppm. In phase 1 of this study, cattle were dosed with 30 mg/kg 
livevveight/day for 11 months. Blood and liver copper concentrations, ceruloplasum, and 
amide oxidase were markedly depressed by the iron treatment. 
An investigation by Mollerberg and others determined the effect of parenteral iron 
on hematology, health, growth and meat classification in veal calves (Mollerberg et al, 
1975). Mollerberg concluded that iron deficient calves were more susceptible to enteritis 
than calves that had a normal level of supplemental iron in the diet. In a related 
experiment Jones found that mice that were on a copper deficient diet and developed 
copper deficiency were more susceptible to Pasturella hemolytica injected 
intraperitoneally than mice that had normal levels of liver and plasma copper (Jones and 
Suttle, 1983). 
To study the influence of dietary iron, molybdenum or a combination of both 
minerals on copper status in calves Humprhries and others dosed 20 heifer calves over a 
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32 week period (Humphries et al, 1983). The dietary iron level used was 800 mg iron/kg 
and the molybdenum level was 5 mg/kg. Liver and plasma copper decreased rapidly in 
calves fed iron, molybdenum or the combination in a supplement. A severe copper 
deficiency was reached in 16 weeks on the supplemented diets. There was no significant 
difference between the diets with iron, molybdenum or the combination in ability to 
cause hypocupremia. Clinical signs of copper deficiency such as skeletal lesions or 
change in hair color or texture only developed when calves where on the molybdenum 
supplemented diets. Iron supplementation alone did not induce clinical signs of copper 
deficiency. There was no synergism noted between iron and molybdenum on the ability 
to lower plasma or liver copper. Calves consuming the elevated iron diet did experience 
significant plasma and liver increases in iron. The elevated liver iron was not thought to 
decrease plasma or liver copper just by its presence. 
Iron was incriminated in an investigation to determine the role of a soil and 
dietary sulfur interaction on impairment of copper absorption (Suttle et al, 1984). Suttle 
found when soil containing elevated iron was included in the diet plasma and liver copper 
in sheep decreased. It was assumed that ruminants could not avoid ingesting soil when 
they are ingesting forage. The biochemical reaction that occurs when iron and sulfur are 
both present in the diet is that iron traps sulfur as a FeS complex in the rumen. The sulfiir 
that is normally ingested in the rumen is bypassed to the abomasum as FeS. In the acid 
environment of the abomasum sulfur is liberated and binds Cu, forming a CuS complex. 
In attempting to determine a dose response relationship with dietary iron and liver 
levels of copper in calves Humphries and others concluded that the effects of dietary 
sulfiir and iron are independent of each other (Humphries et al, 1985). In diets where 
sulfur was removed and iron was elevated there was a reduction in liver copper. Dietary 
levels of 250 ppm iron were sufficient enough to decrease liver levels of copper in calves. 
Several smdies have been conducted investigating the effects of iron induced 
copper deficiency on immunity. A study investigating the effect of copper deficiency on 
bovine neutrophils found that neutrophil function was impaired by copper deficiency 
(Boyne and Arthur, 1986). Four groups of Hereford cross Friesian heifers were given 
diets that were nomaal, contained elevated molybdenum, elevated iron or was restricted to 
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SO % of an ad libitum diet, respectively. After 6 to 7 months on the experimental diets 
neutrophils were harvested from the cattle. Neutrophils and Candida albicans opsonized 
with normal bovine serum were incubated at 37°C. Parameters such as candidacidial 
activity, phagocytic acti\ity, nitroblue tetrazolium reduction, production of superoxide 
dismutase and cell viability were determined. Neutrophils from molybdenum or iron 
induced copper deficient animals were less viable than neutrophils from animals on the 
control diet or restricted diet. 
Jenkins and Hidiroglou studied the effects of excess iron in milk replacer on calf 
performance (Jenkins and Hidiroglou, 1987). Dietary iron levels used in this study were 
100, 500, 1000, 2000 and 5000 ppm. These different levels of dietary iron were added to 
milk replacer of calves. The treated diets were begun when the calves were 3 days of age 
and continued for 6 weeks. At a dietary level of 5000 ppm iron calves showed reduced 
weight gains, dry matter intake, feed efficiency and digestibility of dry matter and 
protein. There were no other signs of iron toxicosis and there were no abnormalities 
noted on postmortem exam. It was determined that the preruminant calf can tolerate 
between 2000 and 5000 ppm iron in milk replacer. 
Bremner and others investigated the effects that molybdenum, sulfur and iron 
have on the copper status of calves (Bremner et al, 1987). In the first experiment 27 
preruminant Friesian calves were given a milk replacer containing 0.9, 4.5 or 9 mmol 
iron/kg dry matter for 8 weeks. This would be equivalent to 50, 250 and 500 ppm iron. 
This level of dietary iron had no effect on liver copper status. Twenty-four of these calves 
were then supplemented with 0, 4.5, 9 or 13.5 mmols iron/kg for 6 months (0, 252, 504, 
and 756 ppm). Plasma copper and liver copper levels were greatly reduced in these 24 
calves. The sulfur in the diet of these calves was reduced from 88 to 47 mmol/kg after 12 
weeks, however the calves with diets of 9 or 13.5 mmol/kg iron still had greatly reduced 
liver copper levels. Plasma iron concentrations were increased in calves when the diet 
was reduced in sulfur except at the 13.5 mmol/kg (500 ppm) dietary level of iron. This 
experiment demonstrated that iron is a potent antagonist of copper absorption in calves 
and that its effects are independent of sulfur. 
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In a second experiment Bremner fed 20 Hereford X Friesian female calves diets 
with supplemental iron and molybdenum separately and together for 41 weeks. Both iron 
and molybdenum were able to reduce liver and plasma copper levels. The level of decline 
in liver and plasma copper was highest in animals given both supplements. This would 
indicate an additive effect of iron and molybdenimi antagonizing copper metabolism in 
calves. 
Leech and Thorton conducted an investigation at the farm level to explain the 
widespread occurrence of bovine hypocupremia in the 1980's in England (Leech and 
Thornton, 1987). Factors that were evaluated in having a role in bovine hypocupremia 
were forage concentrations of copper, molybdenum, sulfiir, iron, zinc and cadmium. The 
Cu: Mo ratios in forages were also evaluated as a possible risk factor for development of 
hypocupremia. Important factors identified were absolute copper deficiencies and 
molybdenum excesses in forage. Increases in dietary sulfur and iron also played a role in 
hypocupremia. No evidence was found that zinc or cadmium was involved in bovine 
hypocupremia in England. 
To study the effect of dietary molybdenum and iron on copper status, puberty, 
fertility and estrous cycles in cattle Phillippo and others dosed 16 Hereford-Friesian and 4 
Angus heifers (Phillippo et al, 1987). Elevated dietary iron had no effect on the 
occurrence of puberty in these heifers but molybdenum had a slight effect. Molybdenum, 
but not iron, lowered the basal leutenizing hormone level compared to control heifers. 
Iron supplemented heifers had similar conception rates as control animals but had 
markedly lower plasma and liver copper levels. This study concluded that the presence of 
molybdenum rather than lower plasma copper levels delayed the onset of puberty, 
reduced the conception rate and disrupted estrous activity in cattle. 
Rodenburg published a review about how to practically evaluate water for dairy 
cattle (Rodenberg, 1988). 
Elevated dietary iron may antagonize copper, manganese and sulfur in lactating 
dairy cattle. These studies would indicate that iron has the potential to antagonize 
additional minerals. 
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METHODS 
Design and Procedure 
This study was designed to measure the quality of drinking water used on 
individual dairy farms in selected regions of Iowa and to correlate water quality 
parameters with performance and reproduction records. 
Water samples and production records from 128 Iowa dairy farms were used in 
this study. Five of the dairy farms had herds that were split into two groups. This 
provided 128 water source records and 133 drinking water and production records. The 
farms chosen for this study were located in 6 counties in northwestern Iowa plus 
Dubuque County in northeast Iowa (figure 1). One hundred and three dairy farms used 
were in northwestern Iowa (figure 2) and 25 farms were in northeast Iowa (figure 3). 
This water quality study used the somewhat different approach of sampling water 
from the drinking water devices used for dairy cattle rather than at the source of the 
water. It was felt that more practical information might be gained by sampling drinking 
water from where it was actually consumed. Previous reports of water quality studies 
have focused on the water from where it was delivered from the ground water source. 
Sources of drinking water used on farms in this study included regional rural 
water systems, private wells and one spring. A regional rural water system is defined as a 
water system designed for providing a safe, dependable source of potable water to rural 
residents. Most regional rural water systems are established as a 504A not-for-profit 
corporation under the Iowa Code and provide a distribution system to deliver drinking 
water to multiple rural patrons. Wells are defined as a hole or shaft dug or drilled into the 
ground surface to obtain water. Springs are defined as a natural fountain or flow of water 
where an aquifer intersects with the ground surface. 
Criteria for inclusion in this study included being an Iowa dairy farm, using DHIA 
records and a willingness to participate in an interview asking questions about certain 
aspects of water quality and water delivery on dairy farms. 
The water sampling in this study consisted of collection of a first set of drinking 
water samples from 103 farms located in northwest Iowa, collection of drinking water 
samples from a subset of the original set of farms, and collection of water samples from 
an additional 25 farms in northeast Iowa. 
A total of 103 farms were sampled from May to July 1999. Approximately 5 to 10 
farms were sampled per day. The samples were delivered to the Iowa State University 
Veterinary Diagnostic Laboratory weekly. Water samples were collected from just the 
drinking water devices in the first sampling. The concentration of drinking water iron was 
less than 1 ppm in the first set of samples, so retesting a subset of the first collection was 
proposed to further evaluate iron concentration. This subset retesting measured both iron 
concentrations in water from drinking devices and private well water. This subset of the 
first sampling utilized 11 dairy farms that were sampled in the first collection and in 
addition contained at least 0.3 ppm of iron. 
Determination of the effects of elevated drinking water iron concentration in the 
drinking water of Iowa dairy cattle was one of the objectives of this study. Because 
concentrations of drinking water iron less than 1 ppm were found in the first collection, a 
second collection was completed that included sampling dairies in Dubuque County Iow a 
that used only private wells as the water source. It was anticipated that drinking water 
iron would be elevated above 0.3 ppm on these dairy farms in Dubuque County. It was 
assumed that dairy farms using private well water would infrequently treat drinking water 
to decrease elevated iron concentrations but that regional rural water could potentially be 
treated to decrease iron concentrations. 
At the time of the farm visit for the water sample collection, inforaiation about the 
water source for the fann was recorded on a questionnaire by the study field technician 
(Appendix B). The completed questionaire was returned to the laboratory with the water 
sample. Heidi Devries, a senior dairy science student at Iowa State University served as the 
field technician and visited all the farms and collected all the samples in this study. 
Water source was recorded with the choices being 1) regional rural water system, 2) 
pond with distribution system, 3) other and 4) private well. If the source of water was 
private well water, the producer was asked the age of the private well with the following 
choices: 1) less than 5 years old, 2) 5 to 25 years old or 3) more than 25 years old. Depth of 
well was recorded with the options being 1) less than 50 feet, 2) 50 to 150 feet, 3) 150 to 
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300 feet, and 4) more than 300 feet. The type of well casing was also recorded with the 
choices being 1) concrete, 2) steel, 3) plastic, or 4) other. A record was also made of animals 
served by this water source; choices were all animals on the farm or a specific individual 
class of dairy cattle served by this water source. Producers were asked if the drinking water 
had been treated before use by livestock. The response to this question was recorded as a yes 
or no. If the question was answered with a yes, the particular water treatment used was 
recorded. 
Producers were asked whether the dairy had switched fi-om using private well water 
as the drinking water source to using regional rural water. If a change in production was 
noted after changing water sources this was recorded. Producers were asked whether there 
was a water meter or other indicator of individual cow water consumption present on the 
farm. Information was collected about the types and the number of water devices. Drinking 
water can be supplied from stock tanks, water fountains, water cups, ponds and streams. 
Stock tanks were defined as square, rectangle, and round to oblong water devices 
containing at least 50 gallons and designed for multiple animal drinking. Drinking water 
fountains are defined as water devices holding from 1 quart to less than 50 gallons and 
designed for multiple animal drinking. Drinking water cups are water devices containing 
enough water for individual animal drinking. Ponds and streams are self-explanatory. 
Drinking water devices were coded as 1= stock tank, 2= fountain, 3= cup, 4= tank & 
fountain, 5= tank & cup, 6= fountain & cup, 7= tank, fountain & cup, and 8= fountain with 
lid and balls. 
Linear inches available for drinking were recorded in order to calculate linear inches 
per cow available for drinking space. When the linear inches of available drinking water 
space per cow could not be measured an estimation was made. This was accomplished by 
determining the type of water device available. From technical literature supplied by the 
drinking device manufactures an estimation of linear inches available for drinking water 
space per cow for each particular water device could be made. Using the estimation of 
drinking space provided by each water device and multiplying this number by the total 
number of watering devices used on the farm for lactating cows, a total number of inches 
available for drinking water space could be determined. The linear inches of available 
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drinking water space per cow was divided by the total number of lactating cows in the herd 
to obtain this number. 
The field technician involved in this study made observations and recorded the data 
for each farm. Distance from the milking parlor to the first available water device was 
estimated and recorded. Distance from the feeding area to the first available water source 
was estimated and recorded, also a question about how frequently watering devices were 
cleaned was recorded as 1= daily, 2= weekly, 3= monthly and 4= when needed. Cleanliness 
of the stock tank and overall cleanliness of all water devices on the farm was recorded. This 
was recorded as 1= extremely clean, 2= clean with out sediment, 3= clean, 4= dirty and 5= 
extremely unclean. Measurement of total chlorine, free chlorine, hardness, total alkalinity 
and pH was completed on-site during the first collection by using dipsticks available from 
Hach Chemical company (Hach, 1999). 
Sample Collection 
Sampling equipment 
Drinking water samples were collected with a 60 ml sterile plastic Monoject 
syringe with a catheter tip. Water samples from the drinking devices were collected into 
1000 ml sterile glass containers with a screw type metal hd. A sterile plastic film was 
positioned over the mouth of the container before the lid was attached. 
Aliquots of the 1000 ml sample were dispensed into sterile 120 ml plastic 
containers with screw type lids. These plastic containers were used for analysis of 
coliform, nitrate and iron. When water samples were collected from a private well, they 
were collected into sterile 120 ml plastic bottles that were treated so that nitrate and iron 
determination could be accomplished. 
Sampling Technique 
Drinking water samples for the first collection consisted of water taken directly 
from drinking watering devices. The following method for water sampling was used to 
obtain all the samples from the drinking water devices. Drinking water samples were 
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taken from at least 1 inch below the surface of the water of the drinking water devices. 
This method eliminated collecting particulate matter that may have rested on the water 
surface. Drinking water was sampled from at least 3 inches above the bottom of the 
drinking water devices, to ensure that minimal sediment was collected. 
For the subsampling of the first collection and for the second collection, wells 
were sampled. Water samples from private wells were collected as close as possible to 
the well head using the closest water faucet or water hydrant for sampling. 
One technician collected all drinking water samples in this study. 
Sampling water from multiple drinking devices 
Dairy farms typically use multiple types of drinking water devices to provide 
drinking water to their cattle. All drinking water devices used on the dairy farms had to 
be sampled to ensure that all drinking water was represented in the sample. When 
drinking water was supplied from multiple drinking water devices, a subset of drinking 
water devices were sampled and commingled to provide one final sample. This sampling 
method was used for all farms. For example, when drinking water was supplied by 
providing multiple individual water cups, at least 6 random cups were sampled to 
comprise the one commingled final sample. When drinking water was supplied from a 
mixture of tanks, fountain and cups, at least one sample from each container was 
collected to provide the one individual final conmiingled sample. The individual samples 
were collected in equal amounts to comprise the final commingled sample in the 1000 ml 
container. Sample aliquots were dispensed from the 1000 ml container of commingled 
water into 120 ml containers for final analysis. The intent of this method of water 
collection was to have one commingled drinking water sample per farm to analyze. Using 
120 ml containers for the final analysis would allow a sample of the original collection to 
be retained in the event that any additional water testing had to be done. 
The chart below gives examples of the number of subsamples required for each 
farm based on how many drinking water devices are used for lactating dairy cows and 
indicates how many milliliters of drinking water from each subsample are needed for the 
final commingled 1000 ml sample. 
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Table 1. Table describing how many subsamples are needed for the final sample. 
Subsamples Number of milliliters required 
9 500 
333 
250 
200 
166 
143 
125 
111 
100 
91 
83 
77 
71 
66 
Labeling of Water Samples 
All drinking water samples collected on the dairy farm were labeled with 
information that included the DHLA. herd code, producer name, date, and time of 
collection. In addition the 120 ml plastic collection bottles were identified by which 
analysis was to be performed. For example, collection bottles for coliform analysis were 
identified by recording "coliform" on the bottle, collection bottles for nitrate analysis 
were identified by recording "nitrate" on the bottle and collection bottles for iron analysis 
were identified by recording "Fe" on the bottle. 
On Farm Water Testing 
On-farm water testing was completed by the field technician for the initial 103 
dairy farms. The on-fami water testing was discontinued after the first sampling. After 
the drinking water samples were collected and commingled, the water firom the 1000 ml 
container was measured for determination of pH by a portable battery operated pH meter 
(model # 35624-00 by Oakton). Total chlorine, fi-ee chlorine, total hardness (ppm), and 
total alkalinity were determined by using a test strip (the 5-in-l water-testing strip from 
Hach Company of Loveland, Colorado) (Hach, 1999). This strip incorporates proven 
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chemistries that are easy to read, safe and disposable. These data were recorded on the 
interview form by the study technician. 
Standard Operating Procedure for Collection of Dairy Cattle Drinking Water for 
the First Collection 
Sampling Strategy' 
Selection of dairy farms 
During the summer of 1999 an initial introductory letter explaining the proposed 
drinking water quality study was mailed to 150 dairy farms in northwestern Iowa that were 
participating in the DHIA record system (DRMS,1998). Criteria for inclusion in this study 
included 1) participation in the DHIA record system 2) having a dairy farm located in 
Lyon, Osceola, Sioux, O'Brien, Plymouth, Cherokee or Buena Vista counties (figure 3) 
and 3) willingness to participate in the study. Producers were contacted by telephone to 
determine whether they were willing to participate in this study. Farm visits were initiated 
on May 27, 1999 to cooperating dairy farms in northwest Iowa. Water was sampled on dairy 
farms until July of 1999. The last dairy farm water sample collected in northwestem Iowa 
was delivered to the laboratory on July 10, 1999. One hundred and three samples were 
collected from 102 dairy farms. 
Standard Operating Procedure for Collection of a Subset of Drinking Water 
Samples from the First Sampling 
Sampling Strategy 
Selection of dairy farms 
After determination of iron concentrations in the drinking water for the first 
collection of 103 samples and finding less than 1 ppm of iron in most samples, 
resampling of water from a subset of the first set of farms was conducted. The purpose of 
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this collection was to determine whether water collection vessels had to be acidified at 
the time of sampling for more accurate determination of iron concentration. Unlike the 
first collection this follow up sampling used pretreated acidified sterile plastic 120 ml 
bottles for water collection. 
On October 9, 1999 eleven dairy farms in northwestern Iowa that had been 
included in the first sampling were resampled. Dairies were selected based on the iron 
analysis results fi-om the first sampling. Only dairies with detectable amounts of iron in 
the drinking water were selected. Telephone calls were then made to determine which 
producers were willing to participate in this follow up study. The goal of the resampling 
was to analyze a sample fi-om the water source and fi-om the drinking water device to 
compare results of iron analysis. Dairy farms used in this subset were farms with 
identification numbers 5,6, 8,10, 11, 12, 21, 23, 30, 31, and 45. These dairies all used a 
private well as the water source. 
Standard Operating Procedure for Collection of a Second Set of Drinidng Water 
Samples 
Sampling Strategy 
Selection of dairy farms 
Collection of a second set of dairy farm water samples was completed in 
December 1999. The purpose of this second set of water samples was to concurrently 
determine iron and nitrate content and the coliform count of water in the well and 
drinking water devices. Additional data concerning paired samples of iron, nitrate and 
coliform bacteria counts fi-om the water source and drinking water devices were required 
for this study. This second set of water samples was fi-om dairy farms in northeast Iowa 
that 1) used private wells as their water source and 2) participated in the DHIA record 
system. All of these farms were located in Dubuque County, Iowa (Figure 2). As with the 
first set of samples, an introductory letter explaining the proposed water quality study 
was mailed to 35 dairy farms in the area. Telephone calls were then made to determine 
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whether producers were willing to participate in this study. Criterion for inclusion in this 
study included 1) participation in the DHIA record system 2) had a dairy farm located in 
Dubuque county (figure 2) and 3) willingness to participate in the study. Twenty-five 
water samples were collected fi-om 25 dairy farms. 
Sample Preservation and Transport 
Samples for chemical analysis 
Drinking water samples for determination of pH, TDS, sulfate and minerals were 
collected into 1000 ml glass containers. The water samples for nitrate testing were 
dispensed from the 1000 ml containers into 120 ml plastic bottles with 0.2 ml of sulfuric 
acid added. Water samples for iron testing were dispensed fi-om the 1000 ml containers 
into 120 ml plastic bottles with 0.3 ml of 50% nitric acid added. 
Filled glass and plastic containers were kept in a plastic ice chest that had been 
chilled throughout sample collection. At the end of the daily sampling the containers 
were stored in a refi^gerator. At the end of the weekly sampling period the field 
investigator transported sample containers in ice chests to the Veterinary Diagnostic 
Laboratory at Iowa State University. Samples were refiigerated until they could be 
transported to the laboratory, in transit and immediately upon receipt at the Iowa State 
University Veterinary Diagnostic Laboratory. 
Samples for determination of minerals by inductively coupled plasma 
spectrophotometry (TCP) were mailed via overnight parcel delivery service to Michigan 
State University Animal Health Diagnostic Laboratory. Samples were in chilled 
styrofoam coolers containing ice packs while in transit and were refiigerated immediately 
upon arrival at the Michigan State University Animal Health Diagnostic Laboratory. 
Samples for coliform bacterial analysis 
Samples collected for coliform analysis were delivered to the Veterinary 
Diagnostic Laboratory (VDL) at Iowa State University within a maximum time period of 
48 hours. The drinking water samples collected for coliform bacterial analysis were 
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stabilized with sodium thiosulfate. After collection into the sterile plastic 120 ml 
containers that contained sodium thiosulfate, the samples were chilled immediately. 
Samples were placed inside an ice chest along with ice packs. Samples were continuously 
chilled until delivery to the VDL where they were refrigerated immediately. The 
measurement of the total coliform count was initiated within 24 hours of collection of the 
water sample for a majority of the samples. 
Laboratory Quality Assurance Program 
All sample data are available for review in the laboratory notebook of the 
laboratory where analysis was performed. The laboratories used in this study were the 
chemistry and bacteriology laboratory in the College of Veterinary Medicine Veterinary 
Diagnostic Laboratory. The Michigan State University Animal Health Diagnostic 
Laboratory was used for the multiple mineral analysis that was performed. 
Instrument Calibration and Accuracy Checks 
Mineral analysis 
Mineral analysis was performed by inductively coupled plasma 
spectrophotometry (ICP). Water was analyzed at the Michigan State LFniversity Animal 
Health Diagnostic Laboratory as received, for the elements aluminum (Al), arsenic (As), 
beryllium (Be), boron (B), calcium (Ca), cadmium (Cd), cobalt (Co), chromium (Cr), 
copper (Cu), iron (Fe), mercury (Hg), potassium (K), magnesium (Mg), manganese (Mn), 
molybdenum (Mo), sodium (Na), phosphorus (P), lead (Pb), selenium (Se), antimony 
(Sb), thallium (Tl), and zinc (Zn) by Inductively Coupled Plasma-Atomic Emission 
Spectroscopy (ICP-AES). Analyses were conducted using a fixed cross-flow nebulizer on 
a Polyscan 61-E simultaneous/sequential instrument (Thermo Jarrell Ash, Franklin, MA). 
Accuracy was assured by concurrent analysis of National Institutes of Standards and 
Technology SRM 1643d Trace Elements in Water (Braselton, 1999). The results of this 
analysis were expressed in parts per million. Detection limits are as follows in ppm: Al-
0.01, As-0.05, B-0.01, Ca-0.1, Cd-0.002, Co-0.003, Cr-0.005, Cu-0.002, Fe-0.005, Hg-
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0.01, K-0.1. Mg-0.015, Mn-0.001, Mo=0.005, Na-O.OL P-0.06, Pb-0.02, Se-0.05. Sb-
0.05, Tl-0.05 and Zn-0.004. 
Total dissolved solids 
The total dissolved solids were determined at the College of Veterinary Medicine 
Veterinary Diagnostic Laboratory' using standard method 2540 B (Eaton et al, 1995). In 
this technique, a well mixed sample is evaporated in a weighed dish and dried to a 
constant weight in an oven at 103 to 105 °C. The increase in weight over that of the 
empty dish represents the total dissolved solids. The results of this analysis were 
expressed in mg/Iiter with a detection limit of 10 ppm. 
Nitrate quantification 
In this technique, nitrate concentrations were determined by the automated 
hydrazine reduction method using standard methods 4500-H (Eaton et al, 1995). The 
extracted nitrates were reduced with hydrazine in the presence of copper at a pH of 10.2. 
The nitrite that is formed, diazotizes sulfanilamide which in timi is coupled with N-
ethylenediamine to form a red-colored complex whose absorbence is determined at 520 
nm. The color formation and readout are made using an AutoAnalyzer®. Sample 
readings are compared with readings from standard potassium nitrate. The detection limit 
for nitrates at the Iowa State University Veterinary Diagnostic Laboratory is 10 ppm. 
Sulfate 
The concentration of sulfate in water is determined using a turbidimetric method 
as found in Analytical Methods in Toxicology (Stahr, 1991). The sulfate in water is 
precipitated with barium chloride and determined by nephelometry. The detection limit 
for sulfate at the Iowa State University Veterinary Diagnostic Laboratory is 10 ppm. 
pH 
The determination of the laboratory pH was performed using an Orion 720A pH 
meter. The pH meter is initially calibrated with a standardized buffered solution. When 
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standardized, the solution to be measured is stirred constantly with a stir bar while the 
electrode from the pH meter determines the pH. 
Iron 
The determination of the concentration of iron in water was accomplished using 
method 311IC from the standard methods text (Eaton et al, 1995). Prior to analysis water 
samples were filtered with 1.5 micron filter paper to remove sediment but not bacteria. 
Bacteria are 0.22 micron or greater in size and were not removed by filtering This method 
uses chelation with ammonium pyrrolidine dithiocarbamate and extraction into methyl 
isobutyl ketone. Quantification of water iron is determined using atomic absorption. The 
detection limit for iron at the Iowa State University Veterinary Diagnostic Laboratory is 
0.05 ppm. 
Total coliform bacteria count 
Testing for total coliform bacteria was completed by the Iowa State University 
Veterinar>' Diagnostic Laboratory using the membrane filter technique using standard 
methods 9222 A (Eaton et al, 1995). Coliforms are defined as Escherichia coli, Klebsiella 
sp and Enterobacter (Bnmer and Gillespie, 1973). Coliform results are expressed as 
colony forming units/ 100 ml of sample water. 
Reporting of Laboratory Results 
All laboratory activity, data, and results were entered in the project laboratory 
book each day. All laboratory reports received were maintained with the individual farm 
data. All laboratory results were kept in duplicate. The individual laboratories maintained 
a copy of the report and sent a duplicate report to the investigator in charge of collection 
of the data for this study. 
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Production Records 
The DHIA recorded the performance of all dairy herds in this study. To be 
eligible to participate in this dairy record keeping program, a dairy farmer must be a 
member of a DHIA Service Affiliate. The primary function of DHIA is to record 
essential data on the dairy and to organize the data into reports used for management of 
the dairy operation. Another important flmction of the DHIA is to assemble records into a 
national database, which is used for genetic evaluation, breed improvement programs, 
sire selection and testing, research, and education. The uniform records and data thus 
provided are used for (1) making farm management decisions; (2) educational programs 
and research, including the genetic evaluation of cows and sires; and (3) the promotion 
and sale of animals. A Memorandum of Understanding between the National DHIA, 
Agricultural Research Service of the United States Department of Agriculture (USDA), 
National Association of Animal Breeders (NAAB) and the Purebred Dairy Cattle 
Association (PDCA) is in effect to maintain the flow of DHIA records to the dairy cattle 
industry, including genetic evaluation programs. 
Deflnition of DHIA Abbreviations 
Breed: One of the recognized breeds of dairy animals. If the breed of the sire and 
dam are different, the animal is designated a cross breed. 
Current actual calving interval (CI): Period of time from one calving until the 
next calving usually measured in months. 
Current somatic cell count score (SCS): A count of the white blood cells in a 
milliliter of milk expressed as a linear score. This is a linear score that is assigned based 
upon the raw count and has a direct relationship to milk loss. Table 2 shows the 
relationship to milk loss. Milk loss is based on second or greater lactation animals. First 
lactation animals would have approximately half of the loss listed. 
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Table 2. Relationship of linear score to milk loss 
Linear Score SCC Range Estimated milk loss Kg/Lact. 
From To kg/dy 
0 0-18,000 0 0 
1 19-35,000 0 0 
2 36-71,000 0 0 
3 72,000-141,000 0.68 181.8 
4 142,000-283,000 1.4 363.6 
5 284,000-565,000 2.0 545.5 
6 566,000-1,130,000 2.7 727.3 
7 1,131,000-2,262,000 3.4 1000 
8 2,263,000-4,523,000 4.1 1200 
9 4,524,000-9,045,000 4.8 1272.7 
Current somatic cell count (SCC): A count of the white blood cells in a milliliter 
of milk. A normal count is generally considered to be 100,000 or less. The current 
somatic cell count represents the somatic cell count expressed as the actual count to the 
nearest 1000. 
Current milk fat percent (Fat%): The current milk fat production on the cows in 
the herd on test day. The percent of fat in the milk is calculated by taking the fat in milk 
in pounds divided by total pounds of milk multiplied by 100. 
Current milk protein percent (Protein%): The current milk protein production 
of the cows in the herd on test day. The percent of protein in the milk is calculated by 
taking the protein in milk in pounds divided by total poimds of milk, and then multiplying 
the result by 100. 
Current test day milk (TDM): The production information calculated for a cow 
on test day. This includes the current test day milk for the herd. 
Days to l" service (Days): Days from calving until the first breeding date. 
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Days open (DO): Days between pregnancies; days from calving until successful 
breeding date if pregnant; also known as days not pregnant. 
Energy corrected milk (EMCl): This is a calculated number using the following 
formula (3.5 % fat, 3.2 % protein basis) = 0.3246 X RHAmilk (kg) + 12.86 X RHAfat 
(kg) ^ 7.04 X RHAprotein (kg). ECMl uses RHAmilk, RHAfat and RHAprotein 
Energ>' corrected milk (EMC2); This is a calculated number using the following 
formula (3.5 % fat, 3.2 % protein basis) = 0.3246 X I50dmilk (kg) 12.86 X fat% (kg) + 
7.04 X protein% (kg) ECM2 uses stdl50milk, fat% and protein%. 
Energy corrected milk (EMC3): This is a calculated number using the following 
formula (3.5 % fat, 3.2 % protein basis) = 0.3246 X 305MEmilk (kg) 12.86 X 
305MEfat (kg) + 7.04 X 305MEprotein (kg). ECM3 uses 305MEmilk, 305MEfat and 
305MEprotein 
Herdcode; An 8 digit number used to identify each dairy herd; Example 55-27-
0012. 
Percent successful services (%SS): The number of successful services divided by 
the total services multiplied by 100. 
Rolling herd average, cow years (RHAcyrs): The average number of cows in the 
herd/year. This value is calculated by the number of days a cow was in the herd divided 
by 365. There are 30.42 cow days/cow month. 
Rolling herd average milk (RHAmilk): The average herd milk production for 
the last 365 days. To calculate RHAmilk, total yearly production for the herd and total 
cow days for the year are used. These are accumulated to obtain a years worth of 
production data. When the total yearly production and total cow days for the year are 
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obtained, total yearly production is divided by total yearly cow days to yield the average 
daily production for all cows that were available during the past production year. This 
average daily production is multiplied by 365 to obtain the RHAmilk. 
Rolling herd average fat (RHAfat): The average herd milk fat production for the 
last 365 days. To calculate RHAfat, total yearly production for the herd and total cow 
days for the year are needed. These are accumulated to obtain a production year of 365 
days. When the total yearly production and total cow days for the year are obtained, total 
yearly production is divided by total yearly cow days to yield the average daily 
production for all cows that were available during the past production year. This average 
daily production is multiplied by 365 to obtain the RHAfat. 
Rolling herd average protein (RHAprotein); The average milk protein 
production for the last 365 days. To calculate RHAprotein, total yearly production for the 
herd and total cow days for the year are needed. These are accumulated to obtain a 
production year of 365 days. When the total yearly production and total cow days for the 
year are obtained, total yearly production is divided by total yearly cow days to yield the 
average daily protein production for all cows that were available during the past 
production year. This average daily production is multiplied by 365 to obtain the 
RHAprotein. 
Services per pregnancy ail cows (S/P): The number of services required before a 
cow is confirmed pregnant. 
standardise day milk (150dmilk): This number represents the expected 
production per day at 150 days in milk. It removes the variation in test day production 
due to stage of lactation and it allows production on one test day to be compared to 
production on another test day. Thirty six standard lactation curves based on six seasons, 
three ages and two breed groups are used to project forward or backward to 150 days in 
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milk. In order to allow one to compare the production at 150 days for different cows, the 
values are also adjusted for age and breed. 
The standard curves were established for: 
1. Six seasons: Jan-Feb, Mar-Jun, Jul-Aug, Sep-Oct and Nov-Dec 
2. Three ages: first lactation, second lactation, and third or more lactations. 
3. Two breed groups: Ayrshire-Brown Swiss-Holstein and Guernsey-Jersey 
The following methods are used when computing standardized 150 day milk: 
1. Compute only for cows that are 330 or less days in milk 
2. Identify the cow's test day milk (TDMILK) 
3. On the appropriate standard lactation curve, find the test day production 
corresponding to the cow's current days in milk (STD-MTLK) and find the test day 
production at 150 days in milk (STD150 MILK). Add the difference between these 
values (STD150 MILK — STDMILK) to the cow's test day milk (TDMILK). 
4. Using the multiplicative factors below, adjust for age and breed so that 
animals in different lactation and breeds can be compared (Table 3). 
Table 3. Multiplicative factors to adjust standardized 150 day milk. 
Small breeds Large breeds 
Lactation 1 1.13 1.10 
2 1.00 1.00 
t J-!- 0.93 0.954 
5. Adjust 150 Day standardized test day milk for age and breed: 
150 DAY MILK= AGE BREED-ADJ X (TDMILK ^ STD150 MILK - STD-MILK) 
Summit milk lactation 1 (summitl): The average milk weight of the two highest 
of the first three tests for cows in first lactation. 
Summit milk lactation 2 (summit2): The average milk weight of the two highest 
of the first three tests for cows in second lactation. 
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Summit milk lactation 3 (summitS): The average milk weight of the two highest 
of the first three tests for cows in third lactation and beyond. 
Yearly number of cows died (DIED): This is the total number of cows that have 
died during the previous 12 months. 
Yearly number of cows sold (SOLD); This is the total number of cows that have 
been sold during the previous 12 months. 
305 mature equivalent milk (ME305 milk): By the use of special factors the 
lactation is adjusted for days in milk, milking frequency, season of calving, location and 
age to that of a mature cow. Unless the cow is mature or milked three times a day, the 
ME lactation will be larger than the actual 305 day lactation record. 
305 mature equivalent fat (ME305 fat): By the use of special factors the milk fat 
is adjusted for days in milk, milking frequency, season of calving, location and age to that 
of a mature cow. UnJess the cow is mature or milked three times a day, the ME milk fat 
will be larger than the actual 305 day milk fat record. 
305 mature equivalent protein (ME305 protein): By the use of special factors 
the milk protein content is adjusted for days in milk, milking frequency, season of 
calving, location and age to that of a mature cow. Unless the cow is mature or milked 
three times a day, the ME milk protein will be larger than the actual 305 day milk protein 
record. 
Data Analysis 
The data collected were summarized and examined for associations between the 
water quality values measured and the selected production parameters by use of Pearson's 
Correlation CoefiBcient. Pearsons Correlation CoefiRcient is a dimensionless index that 
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ranges from -1.0 to 1.0 inclusive and quantifies a linear relationship between two data sets. 
Linear regression was also used to evaluate the correlation between the water and 
production data. A P- value was also used to analyze the data generated. The P- value is a 
probability value that is used to determine whether the difference seen between two values is 
due to chance. A value of P < 0.05 suggests that the probability is 5% or less that a 
difference between treatments is due to random chance, rather than the experimental 
treatment. Scientific standards generally agree that the 95% confidence limit (P<0.05) is 
acceptable for determining the validity of treatment effects. A mean, maximum, minimum 
and standard deviation were determined for the water data. A correlation between the water 
values and location in the state was calculated. 
Determination of which values to use when calculating the water data had to be 
made when our detection limits varied with individual parameters (Hurd, 1993). Reporting 
mean, maximum, minimum and standard deviation when the non-detectable levels are 
treated as 0.0 instead of the lowest detection limit can be misleading. For example, the 
detection limit for nitrates is 10 ppm, for sulfates it is 10 ppm, and for zinc, manganese and 
copper it is 0.005 ppm. When the means are reported as 0 then this result implies that the 
analytical equipment is able to detect lower levels than is actually possible. For most 
elements or compounds, including only those samples with levels greater than the detectable 
limit does not cause a significant change in the means reported. For these data, any values 
less than the detection limits were reported at the detection limit for purposes of calculation. 
Reporting means does not convey all the information. The number of total samples with 
detectable values should also be reported. Using only values that are within the detectable 
range can change the mean. 
Several factors should be considered when determining the impact of non detectable 
results: 1) magnitude of the detection limit, relative to 0.0; 2) magnitude of the mean for 
positively samples, relative to the detection limit; and 3) the fi-equency of positively 
samples. Treating samples with levels below the detection limit as zero does not result in 
erroneous conclusions about the average level of the compound. It may be misleading 
regarding the laboratory assay. When the mean for positively samples is much higher than 
the detection limit, treating nondetectables as 0.0 or at the lowest level of detection will have 
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limited effect. When the majority of the samples are above the detection limit, the impact is 
minimal. In all cases, the number of samples within the detection limit should be reported 
(Hurd, 1993). 
To determine relationships between water parameters and production parameters an 
analysis of variance, a general linear model, multiple regression, stepwise regression and 
Pearsons Correlation Coefficient were completed. A C (p, statistic or Mallow's statistic was 
used to determine "goodness of fit" or how well a regression model fit the set of data that we 
were trying to describe. 
Several categorical variables were reclassified in order to analyze the data. Sources 
of water that included springs were combined with well water sources because there was 
only one spring that was used as a water source. The category containing cleanliness of the 
water devices was reclassified fi-om 1,2,3,4 and 5 to very clean (1,2), clean (3), and dirty 
(4,5). The category representing how often the water devices were cleaned was reclassified 
fi-om daily, weekly, monthly and as need cleaning to daily, weekly and monthly as yes and 
as needed to never. The categories representing breeds were reclassified into two groups, 
Ayshire and Jersey as breedl and Holstein, Brown Swiss and crossbred as breed2. Drinking 
water devices were reclassified fi-om 1= stock tank, 2= fountain, 3= cup, 4= tank & fountain, 
5= tank & cup, 6= fountain & cup, 7= tank, fountain & cup and 8= fountain with lid and 
balls to I, 2, 4, or 8 as nocups and 3,5, 6, or 7 as cups. Separate analysis were run for 
Northwest and Northeast Iowa water. Complete records were only available for the 
northwest Iowa water data; as a result these were the only records used in the statistical 
analysis. 
The water response variables that were used in the analysis were nitrate, sulfate, 
phosphorus and boron. These water response variables in addition to the water parameter 
variables listed in the previous paragraph were an important subset of the entire set of 
possible response variables used in this study. Extensive statistical analyses were only run 
on this important subset of the entire set of possible response variables. 
The C (p) statistic was used as the criteria to select the best model out of the stepwise 
regression procedure. Mallow's statistic is used a stopping mle in stepwise regression 
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analysis. If there is a good fit to a set of data in a regression model, the C (p) statistic will be 
close to the number of variables in the model. 
52 
RESULTS 
Participating farms represented a variety of management conditions. The majority 
of the dairy fanns in this study were either dairy farms using regional rural water systems 
or dairy farms using private well water as the water sources for the farm. Farm size 
varied from 33 to 619 lactating cows. 
Table 4 is a collection of water parameters that were recorded from the 128 dairy 
farms in this smdy. 
Table 4. Water sources and farm parameters from 128 Iowa dairy farms 
1 Location 
location of farms 
NW Iowa Dubuque Countv 
No. of farms 103 25 
Source 
source of drinkins water 
well water regional rural water sprina water 
No. of farms 59 68 1 
Breeds 
dairv breeds 
Avshire Brown Swiss Holstein Jersev Crossbred 
No. of farms 1 7 113 8 4 
Water Device 
tvt)e of water device 
tank fount. tank/fount. tank/cup fount./cup tank, fount. & CUD 
43 30 40 7 13 9 
Times cleaned 
how often cleaned 
Dailv once/week once/month when needed 
5 49 13 66 
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Table 4. (continued) 
Cleanliness (stock tank) (N=71) 
degree of cleanliness 
extremelv clean clean no sediment clean unclean extremelv unclean 
7 19 26 15 4 
i Cleanliness (water devices)(N =101) 
degree of cleanliness 
i extremelv clean clean no sediment clean unclean extremelv unclean 
2 29 49 14 7 
Age of well (N=59) 
age in vears 
< 5 5-25 >25 
No. of wells 2 14 43 
Depth of well (N=59) 
death in feet 
<50 ft 50 to 100 ft 150 to 300 ft >300 ft 
No. of wells 16 16 16 10 
Casing (N=59) 
tvpe of casing 
concrete steel plastic brick/wood 
No. of wells 28 26 4 1 
Acronyms and abbreviations used in this study are presented in Table 7. 
Total chlorine, free chlorine, hardness and alkalinity were measured on-site for 
the first collection in northwest Iowa. Residual chlorine was not found in any of the 
drinking water samples either from private well water or regional rural water. 
Consequently, total chlorine, free chlorine, hardness and alkalinity were not measured in 
the 25 Iowa dairy farms in Dubuque County. 
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There are graphic presentations of some of the data in the appendix. Figure 4 
represents the age of wells, figure 5 represents the depth of wells, and figure 6 represents 
the casing type. 
Additional Tables 
In Appendix B Table 9 presents mean, standard deviation, minimum and 
maximum for water parameters and production parameters fi-om the dairy farms used in 
this study. Tables 10, 11 and 12 present the number of variables, mean and standard 
deviation for water parameters determined in this study for Northwest Iowa regional rural 
water system. Northwest Iowa well water and Northeast Iowa well water. 
Tables 13, 14 and 15 present the Pearsons Correlation Coefficient, P values and 
number of observations for water parameters for Northwest Iowa regional rural water 
system, Northwest Iowa well water and Northeast Iowa well water. 
Coliform Bacteria in Water 
Coliform counts averaged 35,776 with a range fi"om 0 to 150,000 coliform/ 100 
ml (figure 7). 
Nitrate 
The nitrate concentration in the 133 water samples averaged 31 ppm with a range 
firom 1 to 300 ppm (figure 8). 
Total Dissolved Solids 
TDS ranged fi-om 300 to 3997 ppm with a mean value of 779 ppm for the 133 
drinking water samples (figure 9). 
Sulfate 
The concentration of sulfate in the 133 drinking water samples ranged fi-om 32 to 
1589 with a mean value of206 ppm (figure 10). 
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Drinking Water Iron 
The concentration of iron in the 133 drinking water samples ranged from 0.29 to 
8.8 ppm with a mean of 0.63 ppm (figure 11). 
Linear Inches Available for Drinking Water Space/ Cow 
The linear inches available for drinking water space/cow ranged from 1 to 34.9 
inches with a mean of 7.3 inches (figiirel2). 
Distance from Milking Parlor to First Available Water Device 
The distance from the milking parlor to the first available water device ranged 
from 0 to 200 feet with a mean of 39.9 feet (figure 13). 
Distance from the Feed Bunk to the First Available Water Device 
The distance from the feed bunk to the first available water source ranged from 0 
to 500 feet with a mean distance of 28 feet (figure 14). 
Production Parameters affected by Water Parameters 
Of the 26 dairy production parameters that were used in this study only somatic 
cell count score (SCS), calving interval (CI) , percent successful services (%SS) , rolling 
herd average milk (RHAmilk) and roiling herd average protein (RHAprotein) were 
affected by the 25 water parameters measured in this study. 
A relationship was observed between SO4, Mn and somatic cell count score, 
between K, B, Ba and the percent successful services, and between calving interval and 
the nitrate concentration of drinking water. A relationship was observed between 
RHAmilk and the frequency of cleaning of the water devices, the distance from the feed 
bunk to the first available water source and the nitrate (figure 15), sulfate, P and B 
concentration of the drinking water. The RHAprotein had a relationship with P, B, NO3 
and SOj. 
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Regression analysis was performed to determine which water quality variables 
would best explain an effect on Rolling Herd Average Milk. Table 16 presents the 
regression analysis data. 
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DISCUSSION 
There is interest in Iowa in the potential adverse effect that drinking water quality 
has on performance and reproduction parameters in dairy cattle. This investigation 
sampled drinking water from the drinking devices on Iowa dairy farms and measured 
several components of that water. In the second sampling, water was also collected from 
the drinking devices and from the wells in paired samples on each farm, and it was shown 
that coliform bacteria count, nitrate and TDS were not always the same at the drinking 
\\ ater device and the source wells. 
For this study all levels of water quality were used in the analysis. The water 
standards used in this study were for water intended for animal consumption; standards 
for water intended for human use are generally more restrictive (U.S. National Academy 
of Sciences and National Academy of Engineering, 1972; Hart, 1974; (HWC) Health and 
Welfare Canada, 1979; Ayers, 1985). Animals can acclimate to drinking water that is not 
optimal quality. This study correlated dairy cattle production parameters with water 
quality that is above, within and below optimal quality. 
One of the key points to emphasize about the relationships that were generated in 
this study is that there are many additional factors that effect production parameters in 
addition to water quality. This study attempted to demonstrate that certain water 
parameters increase or decrease as specific production parameters change. For example, 
drinking water nitrate was found to have an association with CI. Of the many factors that 
effect CI, nitrate was found to vary as the CI varied. It can not be assumed that drinking 
water nitrate causes CI to vary. Further investigation should to be done to quantitate this 
relationship. 
Single water parameters are often not significant but with other variables the 
cluster of parameters becomes significant. Because of the interrelationship between water 
parameters stepwise regression was used to analyze the data. Stepwise regression uses P 
values as the criteria to select the best model. Regression equations were calculated from 
SAS software. 
58 
Coliform Bacteria 
The number of coliform bacteria in drinking water of Iowa dairy cattle in this 
study were significantly higher than coliform bacteria counts normally reported in water 
from regional rural water or private well water in Iowa (Hallberg, 1990; Ensley, 1998). 
The mean coliform count in this study was 35,776 colonies/ 100 ml with a range of 0 to 
150,000 colonies/ 100 ml. The mean coliform count in this study is at least 1000 times 
higher than the coliform bacteria counts reported in the 1990 Iowa state-wide rural water 
survey and a 1998 study of water quality on Iowa swine farms (Hallberg, 1990; Ensley, 
1998). This mean coliform count is comparable to the mean coliform count of 14,710 
colonies/ 100 ml observed in a Missouri drinking water quality study (Crawford, 1997). 
The elevated levels of coliform bacteria in our water samples were expected because 
samples were from the drinking water device and not the well or faucet. This study was 
conducted during June and July and again in December in Iowa. There was a difference 
in the mean coliform count/100 ml between the drinking water samples taken in the 
summer versus the winter. The mean coliform bacteria in water count for the summer 
drinking water samples was 27,605 coIiform/lOO ml, while the mean coliform bacteria in 
water count for the winter drinking water samples was 71,180 coliform/100 ml. The 
mean number of coliform bacteria in water was 2.5 times higher in the winter than during 
the summer sampling time. Cold drinking water temperatures do not appear to have a 
negative impact on coliform bacteria in water counts in the drinking water. 
Chlorine is often added to drinking water to decrease coliform and other bacterial 
growth. There was no measurable amount of residual chlorine detected in any of the 
drinking water samples taken from the first 103 dairy farms. Sixty eight of these farms 
were using regional rural water that would be expected to contain from 3-5 ppm residual 
chlorine. If addition of chlorine to drinking water is intended to suppress the coliform 
bacteria in drinking water, a higher concentration of chlorine is needed or a different 
method of adding chlorine to the drinking water is needed. 
There was no relationship observed between the coUforai count and any of the 
production parameters measured in this study. 
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Nitrate 
The drinking water nitrate concentration in this study ranged from I to 300 ppm 
with a mean of 31 ppm. In a previous study investigating drinking water for Iowa swine, 
water nitrate concentrations varied from 9 to 720 ppm (Ensley, 1998). In the initial Iowa 
state wide rural water survey (SWRL) drinking water nitrate concentration varied from 
0.44 to 440 ppm (Kross, 1990). In a nationwide National Animal Health Monitoring 
System (NAHMS) investigation of drinking water quality for beef cow-calf operations, 
more than 80% of the drinking water samples ranged from < 10 to 44 ppm nitrate 
((NAHMS) National Animal Health Monitoring System, 2000). Only slightly greater 
than 3% of the drinking water sampled contained nitrate that ranged from 45 to 660 ppm 
nitrate. 
Deeper wells contained lower concentrations of nitrate, a finding that was 
obser\'ed in other water studies in Iowa that characterized drinking water (Ensley, 1998; 
Hallberg, 1992). The NAHMS study also concluded that nitrate levels in drinking water 
were generally lower in wells greater than 100 feet deep ((NAHMS) National Animal 
Health Monitoring System, 2000). In this study as the number of cows on the farm 
increased the drinking water was less likely to contain elevated nitrate. 
In this study an elevation in the nitrate concentration of drinking water had a 
negative relationship with calving interval. Calving interval and days open are highly 
correlated because variability in gestation length is small. The findings in this study 
substantiate Crowley's report of a negative impact of elevated drinking water nitrate on 
reproduction (Crowley et al, 1974). 
An elevation in the nitrate concentration of drinking water also had a negative 
relationship with RHAmilk and RHAprotein. 
Total Dissolved Solids 
The TDS of the 133 drinking water samples examined in this study varied from 
300 to 3997 ppm with a mean of 779 ppm. In this study as in previous reports (Ensley, 
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1998; Hallberg, 1992) there is a positive association between TDS and SO4, B, Ca, Fe, K, 
Mg, Mn, Si and S. 
There was no relationship observed between TDS and any of the production 
parameters measured in this study. A TDS concentration of less than 3000 ppm is 
considered within normal limits for livestock drinking water. Dairy farms in this study 
with a TDS concentration above 3000 ppm did not exhibit any adverse effects on 
production or reproduction. 
Sulfate 
In the initial S\\'RL (1990) study drinking water sulfate results varied from <0.1 
to 1938 ppm. The NAHMS investigation determined that over 72% of the farms sampled 
contained drinking water with less than 200 ppm sulfate ppm ((NAHMS) National 
Animal Health Monitoring System, 2000). In the NAHMS study drinking water sulfate 
concentrations varied from 2 to 1589. 
The guidelines used for determining elevated drinking water sulfate concentration 
for animals is based on limited studies. Several of the studies of drinking water sulfate 
concentration have used sulfate concentrations up to 3400 ppm. Goatcher and Church 
concluded that the highest tolerated level of drinking water sulfate for grazing cattle in 
Nevada was 1450 ppm (Goatcher and Church, 1970). VVeeth and Hunter found that at a 
concentration of 3493 ppm sulfate in drinking water, methemoglobin was increased 
450% in beef cattle (W^eeth and Hunter, 1971). Wang and Beede determined a rejection 
threshold for sulfate in drinking water of nonpregnant nonlactating Jersey cows to be 
3317 ppm (Wang and Beede, 1992). Veenhuizen found that in swine elevated sulfate 
concentration in drinking water can result in a transient diarrhea (Veenhuizen, 1992). 
Animals drinking water with elevated sulfate concentration were able to acclimate in 3 to 
7 days and no longer exhibited a diarrhea (Veenhuizen, 1993). Veehnuizen did not find a 
negative effect of elevated drinking water sulfate in swine. 
Elevations in drinking water sulfate concentrations had a small significant 
positive relationship with RHAmilk, RHAprotein and somatic cell count score. The 
maximum sulfate concentration in this study was 1589 ppm. Drinking water sulfate 
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concentrations up to 1500 ppm may have a positive effect on dair>' cattle milk 
production. Adverse effects on animal production have been associated with drinking 
water sulfate concentrations of 1462 ppm sulfate (Weeth and Capps, 1972). The possible 
positive effect on dairy cattle milk production of a modest increase in drinking water 
sulfate concentration would warrant further study. 
Iron 
One of the goals of this investigation was to determine if elevated levels of iron in 
the drinking water have any effect on lactating dairy cattle. There is speculation that excess 
iron in drinking water can bind other minerals in the diet (Cu) inducing mineral 
deficiencies. The range of iron concentration in drinking water in this study was 0.29 to 
8.8 ppm with a mean of 0.63 ppm. 
It has been clearly documented that elevated dietary levels of iron can induce 
deficiencies of copper ((NAS) National Academy of Sciences, 1980). The amount of iron 
supplied in the drinking water will usually constitute a small amount of total iron 
ingested. For example, using Murphy's prediction equation a 600 kg dairy cow producing 
40 liter of milk/day at a minimum temperature of 20 °C may drink 100 liters of water 
(Murphy et al, 1983). If the drinking water contained 8.8 ppm iron this would provide 
880 milligram of iron (which is 1.4 mg/kg liveweight). The dietary requirement for iron 
in dairy cattle is 50 ppm (calculated by using the kg of dry matter of the diet). A 600 kg 
cow would require 900 milligrams of iron to meet the daily iron requirement. Drinking 
water in this case would provide almost 100% of the dietary requirement for iron. Iron 
can induce a toxicosis at 1000 ppm in the diet ((NRC) National Research Council, 1988). 
Drinking water would have to contain 180 ppm of iron to induce an iron toxicosis if 
water was the only source of iron. If the diet contained 500 ppm iron then the drinking 
water would have to contain 90 ppm to induce iron toxicosis. Iron does not have to be 
present at 1000 ppm in the diet to decrease copper levels; dietary levels of 250 ppm iron 
were sufficient enough to decrease liver levels of copper in calves (Humphries, 1985). 
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Drinking water iron at concentrations of 5 ppm or greater can provide a 
significant portion of the daily iron requirement. It is possible that drinking water iron 
could negatively affect production in lactating dairy cattle by antagonizing copper in the 
diet and inducing a copper deficiency. There was no evidence in this study that drinking 
water iron had any effect on the production parameters measured in this study. 
Iron in Wells versus Drinking Water Device 
Dairy farms in northeast Iowa had the well water and drinking device water 
sampled in pairs. These paired samples were analyzed for cohform bacteria, nitrate and 
iron. There were only 2 farms out of the 24 sampled that contained any measixrable 
amount of drinking water iron. On one fami the well water iron and drinking water iron 
concentrations were identical. In the second farm with measurable iron the well contained 
1 ppm iron while the drinking devices contained .6 ppm iron. 
An explanation for this finding is that there is oxidation and precipitation of the 
iron in the drinking water as it moves fi-om the well to the drinking devices. To lower the 
concentration of iron from drinking water it may be possible to allow the drinking water 
to have contact with air for a short period of time to allow the iron present to oxidize and 
precipitate. 
Linear Inches Available Drinking Water Space per cow 
This study found that larger dairy herds have less drinking water space available 
for drinking than smaller dairy herds. 
Distance from the Milking Parlor to the First Available Water Device 
In this study an estimation of the distance fi-om the milking parlor to the first 
available drinking water device was recorded. The range was 0 to 200 feet with a mean 
distance of 39.9 feet. This information was used to determine the association this distance 
had with any of the production or reproduction parameters that were measured in this 
study. 
i 
I 
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The distance from the milking parlor to the first available drinking water device 
was not found to have any relationship to dairy cattle production or reproduction. 
Distance from the Feed Bunk to the First Available Water Device 
The distance from the feed bunk to the first available drinking water device was 
also estimated and recorded. As this distance increased there was a negative relationship 
with RHAmilk. 
Production parameters affected by water quality and availability 
The best GLM model explaining the relationship between drinking water quality 
and Rolling Herd Average Milk (RHAmilk) contained the following variables. With 
RHAmilk as the dependant variable and the number of cows and cow breed as fixed 
effects, nitrate, sulfate, phosphorus and boron where identified as the only drinking water 
quality variables that were included in the best model. For water availability variables the 
linear inches/ cow available for drinking, distance from the feed bunk to the first 
available water device, type of drinking water device, and the frequency of cleaning of 
the water devices were included in the best model. An increasing linear inches/ cow 
available for drinking, the use of cups as drinking water devices and an increasing 
frequency of cleaning of water devices had a positive effect on milk production. An 
increasing distance from the feed bunk to the first available water device and no use of 
drinking cup devices had a negative effect on milk production. 
These two models best explained variability in the GLM model for water quality 
effects on dairy cattle production. The standard drinking water quality variables such as 
coliform, TDS or iron were not found to have any effects on RHAmilk. 
The variables that were not in the best GLM model for water availability included 
distance from the milking parlor to the first available water device or whether the 
drinking water source was well water or rural water. 
Summary 
The first objective of this study was to document the quality of drinking water 
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consumed by lactating dairy cattle in selected regions of Iowa. The water sources used by 
the 133 dairy farms in this study were divided into three general categories: rural water 
system in Northwest Iowa, on-farm well in Northwest Iowa and on-farm well in 
Northeast Iowa. On average the drinking water originating from the two sources in 
Northwest Iowa were similar in composition to the water from the Northeast Iowa source. 
Using the accepted guidelines for drinking water quality of animals, none of the three 
water sources varied enough in cohform count, TDS, NO3, SO4 or mineral content to be 
considered different water sources. 
Water quality in Iowa can frequently be predicted from knowledge of the depth, 
age, and geologic location of the wells. TDS and associated minerals were elevated in 
wells greater than 100 feet deep. In this study as in other studies of Iowa water quality, 
similar correlation's between water constituents were observed (Hallberg et al, 1990; 
Ensley, 1998). As the depth of the well increased so did the dissolved minerals. TDS and 
SO4 are closely correlated because SO4 is a major constituent of TDS. Additional 
dissolved minerals are closely correlated to TDS because TDS includes all dissolved 
minerals in water. 
In this study wells less than 100 feet deep were at risk to contain elevated levels 
of coliform bacteria and nitrates. This is in agreement with Hallberg (Hallberg et al, 
1990). The drinking water quality as determined in this study was within accepted ranges 
of drinking water for livestock. 
The second objective of this study was to determine relationships between 
coliform bacteria, nitrate, sulfate and iron concentrations of drinking water and dairy 
cattle production and reproduction. Drinking water parameters that were identified to 
have a relationship with dairy production include nitrate, sulfate, B, Ba, K, P and Mn. 
Elevations in these parameters all had a negative relationship with dairy production 
except sulfate. The possible positive effect on dairy cattle milk production of a modest 
increase in drinking water sulfate concentration would warrant further study. 
In the statistical analysis boron was determined to be significant but not 
biologically important. Boron ranged from 0.112 to 1.99 ppm in this study. A boron 
concentration of 1.99 ppm is still below a concentration that may cause an adverse effect 
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on dairy production. An explanation of why boron appears significant could be because 
there is a mathematical correlation with Na, Mg and Ca. Statistical analysis identifies the 
interaction that B has with the other minerals but not an independent effect of B. The 
same explanation can be given for phosphorus appearing in the best GLM model. 
The third objective of this study was to collect information about water 
availability by determining the linear inches of available drinking water space per cow, 
the distance firom the milking parlor to the first available drinking water device, the 
distance fi-om the feed bunk to the first available drinking water device and the 
cleanliness of the drinking water devices, and to determine the relationships of these 
factors to dairy cattle production and reproduction. Positive effects on milk production 
were an increasing linear inches/ cow available for drinking, the use of cups as drinking 
water devices and an increasing fi-equency of cleaning of water devices. An increasing 
distance from the feed bunk to the first available water device and not using drinking cup 
devices had a negative effect on milk production. 
Water quality is vitally important to agriculture in general and to dairy farms in 
particular. Additional research is needed to provide answ^ers to the questions raised about 
water quality and its relationship to dairy herd performance. For example, one could 
study a group of dairy cattle receiving water that has only one parameter elevated above 
the normal range, record production and reproduction parameters, and compare them to 
cows receiving drinking water with normal parameters. Developing a protocol for an 
experimental study that would simulate what occurs in the field with multifactorial 
relationships between water constituents and production and reproduction in dairy herds 
would be difficult. 
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APPENDIX A 
DAIRY WATER QUALITY INTERVIEW 
DHIA herd code 
Please provide the following information. 
Date collected: 
1. Name and mailing address of producer; 
Name 
Telephone number Email 
Address 
City/State Zip 
2. Water source: 
Regional rural water system (how long on rural water) 
Pond with distribution system 
Other (Please specify) 
Well (Please complete items A-C below) 
A. Age of well: 
Less than 5 years old 
5 to 25 years old 
B. Depth of well: 
Less than 50 feet 
50-150 feet 
C. Well casing type: 
Concrete tile Plastic 
Steel Other (Please specify) 
3. Animals served by this water source 
All 
If not all, designate which animals are served by this water source: 
4. Does the household also use this water? 
Yes 
No 
5. Is this water treated before use by livestock? (chlorination,softening, etc.) 
Yes (if yes, what kind of treatment is used?) 
No 
More than 25 years old 
_ 150-300 feet 
More than 300 feet 
Permission to use DHIA herd data in this study 
Signed by producer 
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DHIA herd code 
DAIRY WATER QUALITY INTERVIEW 
1. Did you switch from a private well to rural water? 
If yes, date Was any difference noted when the switch was 
made? No 
2. Do you have a water meter or some other indicator of individual cow water consumption? 
Yes 
No 
3. How many and what kind of watering vessels do you use? 
Number Heated Manufacturer 
Stock tanks ves/no 
Bowls yes/no 
Cups yes/no 
Other ves/no 
4. How many and what kind of watering vessels where used for sampling in this survey? 
Number Manufacturer Approximate 
dimensions 
Stock tanks 
Bowls 
Cups 
Other 
5. What is the closest distance from the milking parlor to the first available watering device? 
In feet 
6. What is the closest distance from the feed bunk to the first available watering device? 
In feet 
7. How often are water devices cleaned? 
Daily 
Weeklv 
Monthly 
When needed 
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DHIA herd code 
Stock tank Other 
1. Cleanliness of water devices. 1 1 I-extremely clean 
2 2 
3 3 
4 4 
5 5 5- extremely unclean 
Date 
Time 
pH (sample) 
Total chlorine 
Free chlorine 
Total hardness 
Total alkalinity 
69 
APPENDIX B 
ADDITIONAL TABLES 
Table 5.Drinking water regulations and health advisories (human), including secondary 
maximum contaminant levels (SMCL)^ 
Parameter Level 
Regulatory limits Coliform 3 colonies/100 ml 
Nitrate 10 mg/L 
Barium 1 mg/L 
SMCLs (mg/L) Chloride 250 (mg/L) 
Color 15 color units 
Copper 1.0 (mg/L) 
Fluoride 4.0 (mg/L) 
Iron 0.3 (mg/L) 
Manganese 0.05 (mg/L) 
PH 6.5-8.5 
Sulfate 250 (mg/L) 
TDS 500 (mg/L) 
Zinc 5 (mg/L) 
^((EPA) Environmental Protection Agency, 20(X)) 
Table 6. Drinking water quality guidelines for livestock.'^ 
Item Maximum recommended limit (ppm) 
Major ions 
Calcium 1000 
Nitrate + nitrite 100 
Nitrite alone 10 
Sulfate . 1000 
TDS 3000 
Heavy metals and 
trace ions 
Copper 5 
Iron No guideline 
Manganese No Guideline 
Zinc 50.0 
''Nutrients and toxic substances in water for livestock and poultry. National Academy of 
Sciences (1974) 
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Table 7.Definition of the acronyms or abbreviations used in this study 
Parameter Definition of the term 
Age Age of the well where : 1= <5 yrs, 2= 5-25 yrs., 3= >25yrs 
Depth Depth of the well where: 1= <50ft., 2= 50-150 ft, 3= 150 -300 ft., 4= > 
300 ft 
Source The source of drinking water where 1= rural water and 4=private well 
Casing The type of casing of a well where 1= concrete, 2=steel, 3=plastic and 
4=other 
Space linear inches available per cow for drinking water space 
Parlor to water distance in feet from the milking parlor to the first available water 
device 
Feed to water distance in feet from the milking parlor to the first available water 
device 
pH farm pH of the drinking water as taken on the fann 
pH lab pH of the drinking water as taken in the laboratory 
Water temp temperature of the drinking water in degrees centigrade 
Cleanliness Cleanliness of the drinking water devices based on a 1 to 5 scale where 
1= extremely clean and 5= extremely unclean 
Times cleaned How often drinking water devices are cleaned where l=daily 2=weekly 
3=monthly and 4=as often as needed 
Coliform The number of coliform/ 100 mi of drinking water 
TDS total dissolved solids concentration in water (ppm) 
NO:. Nitrate concentration in water (ppm) 
SO4 Sulfate concentration in water (ppm) 
Ba Barium concentration in water (ppm) 
B Boron concentration in water (ppm) 
Ca Calcium concentration in water (ppm) 
Cu Copper concentration in water (ppm) 
Fe Iron concentration in water (ppm) 
K Potassium concentration in water (ppm) 
Mg Magnesium concentration in water (ppm) 
Mn Manganese concentration in water (ppm) 
Na Sodium concentration in water (ppm) 
P Phosphorus concentration in water (ppm) 
S Sulfur concentration in water (ppm) 
Si Silicon concentration in water (ppm) 
Zn Zinc concentration in water (ppm) 
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Table 7 (continued). Definition of the acronyms or abbreviations used in this study 
Parameter Definition of the term 
RHAcyrs Rolling herd average cow years 
RHAmilk Rolling herd average milk (kg) 
RiL^fat Rolling herd average fat (kg) 
RHAprotein Rolling herd average protein (kg) 
Days Days to first service 
DO Days open 
%SS Percent successfiil services 
TDM Current test day milk 
Summitl Summit milk for the first lactation (kg) 
SummitZ Summit milk for the second lactation (kg) 
summits Summit milk for the third lactation and above (kg) 
scs Current somatic cell count score 
see Current somatic cell count 
ISOdmilk Standard 150 day milk (kg) 
Fat% Current fat percent 
Protein% Current protein percent 
CI Current actual calving interval 
ME305milk 305 day mature equivalent milk (kg) 
ME305fat 305 day mature equivalent fat (kg) 
ME305protein 305 day mature equivalent protein (kg) 
S/P Services per pregnancy for all cows 
DIED Yearly number of cows that died 
SOLD Yearly number of cows that were sold 
ECMl Energy corrected milk (kg) using RHA data 
ECM2 Energy corrected milk (kg) using standard 150 day data 
ECM3 Energy corrected milk (kg) using 305ME data 
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Table 8. Mean, standard deviation, minimum, and maximum value of drinking water 
variables from 133 Iowa dairy farms. 
Refer to Table 7 for a definition of the acronyms or abbreviations. 
Variable Mean St. deviation Minimum Maximum 
Space 7.3 6.0 1 34.9 
Parlor to water 39.9 39.4 0 200 
Feed to water 28 48.5 0 500 
pH farm 7.6 0.5 6.6 8.4 
pH lab 7.5 0.25 6.6 8.1 
Water temp °C 14.4 3.9 20.7 35.4 
Coliform 35776 57495 0 150000 
TDS 779 440 300 3997 
NO:. 30.7 47 1 300 
SO4 206 198 32 1589 
Ba 0.24 0.068 0.11 0.488 
B 0.26 0.24 0.11 1.99 
Ca 146 55 83.6 435 
Cu .006 0.007 0.005 0.063 
Fe .63 1.3 0.29 8.8 
K 7.6 6 1.2 45 
Mg 52 23 23 214 
Mn 0.05 0.15 0.005 0.9 
Na 38 35.9 11.6 286 
P 0.3 0.8 0.09 8.5 
S 93.5 90 9.2 698 
Si 13.7 4 4.01 23.6 
Zn .12 0.3 .005 2 
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Table 9. Data from DHIA production records from 133 Iowa dairy farms. Refer to Table 7 
for a definition of the acronyms or abbreviations. 
Variable Mean St. deviation Minimum Ma.ximum 
RHAcyrs 103 93 15.4 07 
RHAmilk (kg) 8742 1737 4805 12986 
RHAfat (kg) 334 58 188 481 
RHAprot. (kg) 287 53 161 411 
Days 101 28 0 242 
DO 163 41 100 414 
%ss 49 16.8 0 100 
TDM (kg) 37.6 5.3 19.8 45.5 
Summit 1 (kg) 28.9 5.4 0 39 
Summit! (kg) 36 7.4 0 51.4 
Summit3 (kg) 38.5 7.5 0 53.2 
SCS 3.1 0.78 1.4 5.5 
see 332.8 183 81 979 
ISOdmilk (kg) 30.9 6 14.8 44.7 
Fat% 3.7 0.47 3.1 5.4 
Protein% 3.2 0.19 2.9 3.8 
CI 13.9 1.08 10.7 19.09 
ME305milk (kg) 949 1623 5584 12983 
ME305fat (kg) 354.5 53.6 220 470.9 
ME305prot. (kg) 298.6 5.7 415.9 
S/P 2.7 1.08 0 8.8 
DIED 2.3 2.1 1 61 
SOLD 2.3 2.2 0 10 
ECMl (kg) 2107 15.8 6473 16777 
ECM2 (kg) 42.4 2.8 36.4 50.7 
ECM3 (kg) 9761 2087 6046 13121 
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Table 10. Table representing number of variables, means and standard deviations of water 
parameters from dairy farms in Northwest Iowa using regional rural water systems. 
Variable N Mean Std deviation 
Coliform 67 24796 49335 
TDS 69 767 200 
NO. 69 16 13 
SO4 69 206 101 
B 69 0.24 0.12 
Ba 69 0.23 0.07 
Ca 69 136 24 
Cu 69 0.006 0.005 
Fe 69 0.39 0.78 
K 69 7 3.5 
iMg 69 48 12 
Mn 69 0.02 0.11 
P 69 0.26 0.27 
S 69 87 45 
Si 69 14 4 
Zn 69 0.12 0.31 
Table 11. Table representing number of variables, means and standard deviations of water 
Variable N Mean Std deviation 
Coliform 32 37131 55693 
TDS 35 1025 717 
NO3 35 58 76 
SO4 35 293 337 
B 34 0.34 0.38 
Ba 34 0.24 0.07 
Ca 34 169 89 
Cu 34 0.006 0.01 
Fe 35 1.4 2.3 
K 34 8.5 9.6 
Mg 34 61 36 
Mn 35 0.11 0.2 
P 35 0.38 1.4 
S 34 114 146 
Si 34 13 3.5 
Zn 34 O.I 0.2 
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Table 12. Table representing number of variables, means and standard deviations of water 
parameters from dairy farms in Northeast Iowa using well water. 
Variable N Mean Std deviation 
Coliform 23 74,232 72,135 
TDS 22 469 182 
NO3 22 25 29 
SO.; 23 90 2 
Fe 23 0.3 0.12 
Table 13. Table of Pearsons Correlation Coefficients, P values and number of observations 
between water parameters of Northwest Iowa regional rural water systems 
Coliform TDS NO, SO4 Ba Ca 
Coliform 1.0 0.28 0.20 0.23 0.02 0.36 
0.02 0.11 0.06 0.84 0.003 
67 67 67 67 67 67 
TDS 0.28 1.0 0.04 0.73 -0.23 0.88 
0.02 0.73 <.0001 0.05 <•0001 
67 69 69 69 69 69 
NO3 0.2 0.04 1.0 -0.18 0.61 0.3 
0.11 0.73 0.13 <•0001 0.01 
67 69 69 69 69 69 
SO4 0.23 0.73 -0.18 1.0 -0.42 0.6 
0.06 <-0001 0.13 0.0004 <.0001 
67 69 69 69 69 69 
Ba 0.02 -0.23 0.61 -0.42 1.0 -0.05 
0.84 0.05 <.0001 0.0004 0.70 
67 69 69 69 69 69 
Ca 0.36 0.88 0.3 0.6 -0.05 1.0 
0.003 <.0001 0.01 <.0001 0.70 
67 69 69 69 69 69 
Cu -0.15 -0.13 0.26 -0.21 0.24 -0.17 
0.22 0.3 0.03 0.08 0.05 0.15 
67 69 69 69 69 69 
Fe 0.31 0.05 0.01 -0.06 0.32 0.07 
0.01 0.69 0.95 0.62 0.008 0.58 
67 69 69 69 69 69 
Mg 0.22 0.91 0.23 0.59 -0.13 0.92 
0.07 <.0001 0.06 <.0001 0.3 <.0001 
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67 69 69 69 69 69 
Table 13 (continued). Table of Pearsons Correlation Coefficients, P values and number of 
observations between water parameters of Northwest Iowa regional rural water systems 
Coliform TDS NO3 SO4 Ba Ca 
Mn 0.36 0.05 0.68 -0.21 0.55 0.34 
0.003 0.67 <.0001 0.08 <.0001 0.005 
67 69 69 69 69 69 
P 0.35 0.24 0.04 0.10 0.31 0.21 
0.003 0.04 0.75 0.4 0.009 0.09 
67 69 69 69 69 69 
Zn -0.002 0.21 0.17 -0.12 0.04 0.28 
0.99 0.08 0.17 0.32 0.74 0.02 
67 69 69 69 69 69 
Na 0.26 0.77 0.06 0.54 0.01 0.53 
0.03 <.0001 0.63 <.0001 0.91 <.0001 
67 69 69 69 69 69 
K 0.4 0.75 0.01 0.49 -0.14 0.62 
0.0009 <•0001 0.93 <.0001 0.27 <.0001 
67 69 69 69 69 69 
B 0.31 0.86 -0.09 0.66 -0.32 0.68 
0.01 <.0001 0.45 <.0001 0.01 <.0001 
67 69 69 69 69 69 
Si -0.87 0.58 -0.18 0.37 1 0
 
0.41 
0.49 <.0001 0.14 0.002 0.0008 0.0005 
67 69 69 69 69 69 
S 0.18 0.94 -0.19 0.77 -0.51 0.75 
0.14 <•0001 0.12 <.0001 <•0001 <.0001 
67 69 69 69 69 69 
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Table 13 (continued). Table of Pearsons Correlation Coefficients, P values and number of 
observations betw een water parameters of Northwest Iowa regional rural water systems 
Cu Fe Mg iMn P Zn 
Cu 1.00 -0.06 -0.12 -0.07 0.10 -0.04 
0.64 0.31 0.59 0.41 0.72 
69 69 69 69 69 69 
Fe -0.06 1.0 -0.01 0.22 0.69 -0.02 
0.64 0.93 0.07 <.0001 0.84 
69 69 69 69 69 69 
Mg -0.12 -0.01 1.0 0.29 0.12 0.35 
0.31 0.93 0.01 0.33 0.004 
69 69 69 69 69 69 
Mn -0.07 0.22 0.29 1.0 0.09 0.33 
0.59 0.07 0.01 0.46 0.005 
69 69 69 69 69 69 
P 0.1003 0.69 0.12 0.09 1.0 -0.15 
0.41 <.0001 0.33 0.46 0.22 
69 69 69 69 69 69 
Zn -0.04 -0.02 0.35 0.33 -0.15 1.0 
0.72 0.84 0.004 0.005 0.22 
69 69 69 69 69 69 
Na 0.008 0.14 0.56 0.05 0.34 0.11 
0.95 0.27 <.0001 0.7 0.004 0.35 
69 69 69 69 69 69 
K -0.15 0.27 0.68 0.22 0.42 0.23 
0.23 0.03 <.0001 0.07 0.0003 0.06 
69 69 69 69 69 69 
B -0.12 0.04 0.72 0.004 0.16 0.18 
0.32 0.76 <.0001 0.98 0.2 0.14 
69 69 69 69 69 69 
Si -0.105 -0.14 0.63 -0.02 -0.04 0.24 
0.39 0.24 <.0001 0.86 0.77 0.04 
69 69 69 69 69 69 
S -0.2 -0.14 0.82 -0.17 0.06 0.17 
0.10 0.24 <.0001 0.16 0.63 0.17 
69 69 69 69 69 69 
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Table 13 (continued). Table of Pearsons Correlation Coefficients, P values and number of 
obserx ations between water parameters of Northwest Iowa regional rural water systems 
Na K B Si S 
Co li form 0.26 0.4 0.31 -0.09 0.18 
0.03 0.0009 0.01 0.49 0.14 
67 67 67 67 67 
TDS 0.77 0.75 0.86 0.58 0.93 
<0.0001 <.0001 <.0001 <.0001 <.0001 
69 69 69 69 69 
NO3 0.06 0.01 -0.09 -0.18 -0.19 
0.63 0.93 0.45 0.14 0.12 
69 69 69 69 69 
SO4 0.54 0.49 0.66 0.37 0.77 
<.0001 <.0001 <.0001 0.002 <.0001 
69 69 69 69 69 
Ba 0.01 -0.14 -0.32 -0.4 -0.5 
0.9 0.27 0.0007 0.0008 <.0001 
69 69 69 69 69 
Ca 0.53 0.62 0.68 0.41 0.75 
<.0001 <.0001 <.0001 0.0005 <.0001 
69 69 69 69 69 
Cu 0.0008 -0.15 -0.12 -0.1 -0.2 
0.95 0.23 0.32 0.4 0.1 
69 69 69 69 69 
Fe 0.14 0.27 0.04 -0.14 -0.14 
0.27 0.03 0.8 0.24 0.24 
69 69 69 69 69 
Mg 0.56 0.68 0.72 0.6 0.8 
<.0001 <•0001 <.0001 <.0001 <-0001 
69 69 69 69 69 
Mn 0.05 0.22 0.0004 -0.02 -0.17 
0.7 0.07 0.97 0.86 0.16 
69 69 69 69 69 
P 0.34 0.4 0.16 -0.04 0.06 
0.0004 0.0003 0.2 0.77 0.6 
69 69 69 69 69 
Zn 0.11 0.23 0.18 0.24 0.17 
0.35 0.06 0.14 0.04 0.17 
69 69 69 69 69 
Na 1.0 0.69 0.78 0.31 0.68 
<.0001 <.0001 .0009 <.0001 
69 69 69 69 69 
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Table 13 (continued). Table of Pearsons Correlation Coefficients, P values and number of 
obsen. ations between water parameters of Northwest Iowa regional rural water systems 
Na K B Si S 
K 0.69 1.0 0.85 0.54 0.69 
<.0001 <.0001 <•0001 <-0001 
69 69 69 69 69 
B 0.78 0.85 1.0 0.50 0.87 
<.0001 <.0001 <.0001 <-0001 
69 69 69 69 69 
Si 0.31 0.54 0.50 1.0 0.65 
0.009 <.0001 <.0001 <.0001 
69 69 69 69 69 
S 0.68 0.69 0.87 0.65 1.0 
<.0001 <.0001 <.0001 <.0001 
69 69 69 69 69 
Table 14.Table of Pearsons Correlation Coefficients, P values and number of observations 
between water parameters of Northwest Iowa well water 
Coliform TDS NO. SO4 Ba Ca 
Colifomi 1.0 0.14 0.27 0.09 -0.06 -0.02 
0.44 0.14 0.61 0.7 0.9 
32 32 32 32 31 31 
TDS 0.14 1.0 0.04 0.92 -0.63 0.93 
0.44 0.81 <.0001 <.0001 <.0001 
32 35 35 35 34 34 
NO3 0.27 0.04 1.0 -0.004 0.15 0.11 
0.14 0.81 0.98 0.39 0.52 
32 35 35 35 34 34 
SO4 0.09 0.92 -0.004 l.O -0.69 0.85 
0.6 <.0001 0.98 <.0001 <.0001 
32 35 35 35 34 34 
Ba -0.06 -0.63 0.15 -0.69 1.0 -0.59 
0.73 <.0001 0.39 <.0001 0.0002 
31 34 34 34 34 34 
Ca -0.02 0.93 0.11 0.85 -0.59 1.0 
0.9 <.0001 0.52 <.0001 0.002 
31 34 34 34 34 34 
Cu 0.39 -0.11 -0.1 -0.11 -0.06 -0.15 
0.03 0.53 0.58 0.53 0.73 0.41 
31 34 34 34 34 34 
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Table 14 (continued). Table of Pearsons Correlation Coefficients, P values and number of 
observ^ations between water parameters of Northwest Iowa well water 
Coliform TDS NO3 SO4 Ba Ca 
Fe 0.04 0.59 -0.32 0.64 -0.48 0.44 
0.83 0.0002 0.06 <.0001 0.004 0.008 
32 35 35 35 34 34 
Mg 0.15 0.98 0.1 0.89 -0.6 0.89 
0.41 <•0001 0.58 <•0001 0.0002 <.0001 
31 34 34 34 34 34 
Mn -0.08 0.49 -0.22 0.52 -0.31 0.56 
0.66 0.003 0.21 0.002 0.07 0.0006 
32 35 35 35 34 34 
P 0.34 0.05 -0.09 0.05 -0.09 -0.1 
0.06 0.8 0.6 0.8 0.61 0.58 
32 35 35 35 34 34 
Zn 0.15 -0.10 0.02 -0.1 -0.14 -0.14 
0.41 0.55 0.92 0.56 0.43 0.44 
31 34 34 34 34 34 
Na 0.39 0.83 -0.1 0.76 -0.54 0.6 
0.03 <.0001 0.56 <.0001 0.0009 0.0002 
31 34 34 34 34 34 
K 0.33 0.64 -0.08 0.62 -0.49 0.49 
0.07 <.0001 0.66 <.0001 0.003 0.003 
31 34 34 34 34 34 
B 0.25 0.5 -0.24 0.47 -0.49 0.34 
0.18 0.002 0.18 0.005 0.003 0.06 
31 34 34 34 34 34 
Si -0.09 0.47 -0.1 0.44 -0.27 0.44 
0.62 0.005 0.57 0.01 0.12 0.009 
31 34 34 34 34 34 
S 0.09 0.97 -0.14 0.93 -0.71 0.89 
0.63 <.0001 0.43 <.0001 <.0001 <.0001 
31 34 34 34 34 34 
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Table 14 (continued). Table of Pearsons Correlation Coefficients, P values and number of 
observations between water parameters of Northwest Iowa well water 
Cu Fe Mg Mn P Zn 
Cu 1.0 -0.11 -0.12 -0.12 0.09 0.08 
0.52 0.48 0.51 0.6 0.65 
34 34 34 34 34 34 
Fe -0.11 1.0 0.59 0.39 -0.5 -0.11 
0.52 0.0002 0.02 0.79 0.55 
34 35 34 35 35 34 
Mg -0.12 0.59 1.0 0.45 -0.04 -0.12 
0.48 0.0002 0.007 0.84 0.49 
34 34 34 34 34 34 
Mn -0.12 0.39 0.46 1.0 -0.02 -0.14 
0.51 0.02 0.007 0.89 0.4 
34 35 34 35 35 34 
P 0.09 -0.05 -0.04 -0.02 1.0 0.02 
0.6 0.79 0.84 0.89 0.93 
34 35 34 35 35 34 
Zn 0.08 -0.1 -0.12 -0.14 0.02 1.0 
0.65 0.55 0.49 0.42 0.93 
34 34 34 34 34 34 
Na -0.09 0.68 0.82 0.25 0.33 0.01 
0.62 <.0001 <0001 0.16 0.06 0.1 
34 34 34 34 34 34 
K -0.02 0.36 0.55 0.26 0.72 0.003 
0.9 0.03 0.0007 0.14 <.0001 0.98 
34 34 34 34 34 34 
B -0.005 0.36 0.44 0.19 0.77 -0.01 
0.98 0.03 0.009 0.3 <.0001 0.95 
34 34 34 34 34 34 
Si -0.01 0.34 0.48 0.3 -0.33 0.08 
0.95 0.05 0.004 0.08 0.06 0.65 
34 34 34 34 34 34 
S -0.09 0.68 0.94 0.54 0.06 -0.1 
0.62 <•0001 <.0001 0.0009 0.73 0.6 
34 34 34 34 34 34 
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Table 14 (continued). Table of Pearsons Correlation Coefficients, P values and number of 
observ ations beuveen water parameters of Northwest Iowa well water 
Na K B Si S 
Coliform 0.39 0.33 0.25 -0.09 0.09 
0.03 0.07 0.18 0.62 0.63 
31 31 31 31 31 
TDS 0.83 0.64 0.5 0.47 0.97 
<.0001 <•0001 0.0002 0.005 <•0001 
34 34 34 34 34 
NO. -0.1 -0.08 -0.24 -0.1 -0.14 
0.56 0.66 0.17 0.57 0.43 
34 34 34 34 34 
SO4 0.76 0.62 0.47 0.44 0.93 
<.0001 <.0001 0.005 0.01 <.0001 
34 34 34 34 34 
Ba -0.54 -0.49 -0.49 -0.27 -0.7 
0.0009 0.003 0.003 0.12 <.0001 
34 34 34 34 34 
Ca 0.59 0.49 0.33 0.44 0.89 
0.0002 0.003 0.06 0.009 <.0001 
34 34 34 34 34 
Cu -0.09 -0.02 -0.005 -0.01 -0.09 
0.63 0.9 0.98 0.95 0.62 
34 34 34 34 34 
Fe 0.68 0.36 0.36 0.34 0.68 
<.0001 0.03 0.03 0.05 <.0001 
34 34 34 34 34 
Mg 0.81 0.55 0.44 0.48 0.94 
<.0001 0.0007 0.009 0.004 <.0001 
34 34 34 34 34 
Mn 0.25 0.26 0.198 0.3 0.54 
0.16 0.14 0.26 0.08 0.0009 
34 34 34 34 34 
P 0.33 0.71 0.77 -0.33 0.06 
0.06 <.0001 <.0001 0.06 0.72 
34 34 34 34 34 
Zn 0.01 0.003 -0.01 0.08 -0.095 
0.95 0.99 0.95 0.65 0.59 
34 34 34 34 34 
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Table 14 (continued). Table of Pearsons Correlation Coefficients, P values and number of 
observations between water parameters of Northwest Iowa well water 
Na K B Si S 
Na 1.0 0.73 0.71 0.27 0.83 
<.0001 <.0001 0.12 <.0001 
34 34 34 34 34 
K 0.73 1.0 0.8 0.11 0.64 
<.0001 <.0001 0.54 <.0001 
34 34 34 34 34 
B 0.71 0.81 l.O -0.03 0.56 
<0001 <.0001 0.85 0.0006 
34 34 34 34 34 
Si 0.27 0.11 -0.03 1.0 0.47 
0.12 0.53 0.85 0.005 
34 34 34 34 34 
S 0.83 0.64 0.56 0.47 1.0 
<.0001 <.0001 0.0006 0.005 
34 34 34 34 34 
Table 15. Table of Pearsons Correlation Coefficients, P values and number of observations 
between water parameters of Northeast Iowa well water 
Coliform TDS NO3 SO4 
Coliform 1.0 0.16 0.36 0.2 
0.49 0.1 0.36 
23 22 22 23 
TDS 0.16 1.0 0.44 0.31 
0.49 0.05 0.16 
22 22 21 22 
NO:, 0.36 0.44 1.0 
0.1 0.05 
22 21 22 22 
SO4 0.2 0.31 1.0 
0.36 0.16 
23 22 22 23 
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Table 16. Regression coefficients, standard errors, and Model R" of water quality parameters 
for several models evaluating Rolling Herd Average Milk. 
Water Quality Parameter Regression Coeff. SE Model R.' 
Water supply parameters 0.34 
breed2 -4048.0 ** 1349 
nocows 9.3*» 3.2 
drinking water^ 224.5 250 
feed to water'' -12.2 6.4 
no cups*^ -15.8 8.7 
cups*^ 988.9 1585 
yes"^ 2278.0** 666 
never' 0.0 0.0 
Water parameters 0.29 
breed2 -3112** 1201 
nocows 8.2*» J 
Phosphorus 1640.2'' 628.2 
Boron -8796.0** 2605.5 
NO. -17.7" 7.1 
SO4 5.2'' 2.1 
**P<0.01 
^^^<0.1 
^linear inches/cow available for drinking 
''distance in feet from the feed bunk to the first available water device 
•^drinking water devices types 3, 5, 6, 7 
cup type drinking water devices 
"^cleaning frequency of water devices once/dy, once/wk and once/month 
' cleaning frequency of water devices as needed 
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.\PPENDIX C 
FIGURES 
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Figure 1. A map of Iowa highlighting counties where the 
dairy farms in this drinking water study were located 
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Figiu-e 2. Location of dairy farms in Dubuque County that participated in this drinking water 
study. 
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Figure 3. Location of dairy farms in Lyon, Osceola, O'Brien, Sioux, Plymouth and Cherokee 
counties that participated in this drinking water study. 
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Figure 5. Distribution of depth of wells as measured in 59 wells used as the source 
of drinking water by dairy farms in Iowa. 
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Figure 6. Distribution of the type of casing used on 59 wells that were the source of 
drinking water for 59 Iowa dairy farms. 
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Figure 7. Distribution of the coliform count as measured in 133 drinking water samples 
from Iowa dairy farms. 
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Figure 8. Distribution of nitrate concentration as measured in 133 drinking water 
samples collected from Iowa dairy farms. 
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Figure 9. Distribution of the TDS as measured in 133 drinking water samples collected 
from Iowa dairy farms. 
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Figure 10. Distribution of sulfate concentration as measured in 133 drinking 
water samples collected from Iowa dairy farms. 
95 
Iron 
! 
100 
90 
80 T-
70 
(/} 
•2 60 & 
E (O (/} 
•fe 50 
0 
1 40 
a. 
30 
20 
10 
0-.3 .31-1 1.01-5 
iron (ppm) 
> 5  
Figure 11. Distribution of iron concentration as measured in 133 drinking water 
samples collected from Iowa dairy farms. 
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Figure 12. Distribution of the linear inches of drinking water space available per cow on 
133 Iowa dairy farms. 
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Figure 13.Distribution of the distance (in feet) between the milking parlor and the first 
available drinking water device on 133 Iowa dairy farms. 
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Figure 14. Distribution of the distance (in feet) between the feed bunk and the first 
available drinking water device on 133 Iowa dairy farms. 
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